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In the modern poultry industry, intense genetic selection for meat production has
negatively influenced the reproductive performance of commercial birds.
Parthenogenesis, embryonic development in unfertilized eggs without any sperm-egg
interactions, is known to hinder the normal fertilization process and could be one of the
reasons for this reduced reproductive performance in the poultry industry. Therefore, the
overall objective of this research was to gain a better understanding of the process of
parthenogenesis using Chinese painted quail as the model. Studies on Chinese painted
quail reproduction revealed that they are very inefficient in sustained sperm storage and
that number of sperm penetrating the egg and subsequent embryonic development
potentially alter egg transit time through the oviduct. This poor sperm storage capacity
and high sperm-egg interaction requirement might be responsible for the occurrence of
parthenogenesis in this species; and in fact, this makes Chinese painted quail an excellent
choice for parthenogenesis research. Further, dams selected for parthenogenesis as well
as embryonic development, including parthenogen size, alter egg components by possibly
delaying the transit time of the egg through the oviduct. Also, both dams and sires

selected for the parthenogenesis trait appear to influence their progenies performance,
including 1st wk mortality and occurrence of parthenogenesis. Additionally, vaccination
of virgin hens with live pigeon pox virus increases parthenogenesis as well as
parthenogen size and livability by the direct action of the virus on the embryo. Moreover,
live Newcastle disease virus under in vitro conditions was found to have similar effects
on the embryo. Because parthenogenesis exists in the modern poultry industry, even the
accidental selection of the trait in either males or females could have a negative impact
on overall chick production and performance. Also, as vaccination is a routine practice in
the industry, it is possible that vaccination of birds that carry the trait will reduce fertility
and hatchability due to enhanced parthenogenesis. Overall, currently it appears that,
parthenogenesis is adversely affecting the poultry industry; and therefore, additional
research on the accurate determination of losses in the poultry industry due to
parthenogenesis could further benefit the industry.
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CHAPTER I
INTRODUCTION
Reproduction in avian species is a complex phenomenon with multiple
physiological and environmental factors interacting and contributing to successful
copulation and fertilization. In particular, for successful fertilization, spermatozoa must
undergo an acrosomal reaction, penetrate the inner perivitelline layer in the germinal disc
area, and fuse with the female pronucleus within 15 to 30 minutes of ovulation (Howarth,
1974; Okamura and Nishiyama, 1978). As the fertilization window is very narrow, avian
species have developed two physiological mechanisms to enhance their chances of
successful fertilization: sperm storage in the female reproductive tract (Van Drimmelen,
1946; Birkhead, 1987) and polyspermy (Harper, 1904; Bobr et al., 1964). Sperm storage
allows sustained fertility even in the absence of males (Bakst, 2011). In fact, the capacity
of sperm storage and thereby the duration of fertility varies with body size (Birkhead and
Hunter, 1990; Briskie and Montgomerie, 1993), such that larger birds have a better sperm
storage capacity due to a greater number of sperm storage tubules (Bakst et al., 2010).
Additionally, in contrast to mammals, polyspermy is a normal part of avian fertilization
(Harper, 1904) and was found to be important for successful fertilization and for early
embryo survival (Bramwell et al., 1995; Mizushima et al., 2014; Hemmings and
Birkhead, 2015). In fact, to ensure a greater than 95% fertility in chickens, a minimum of
30 spermatozoa must penetrate the germinal disc area (Bramwell et al., 1995). Even
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though several spermatozoa enter the germinal disc area, only one male pronucleus fuses
with the female pronucleus (Howarth and Digby, 1973; Okamura and Nishiyama, 1978).
Further, it is known that the number of sperm penetrating the egg varies with ovum size
(Birkhead et al., 1994) and that there is a wide variation in its distribution within a
population (Santa Rosa et al., 2016a). Moreover, sperm-egg interaction analysis is a
widely used technique to accurately predict fertility (Bramwell et al., 1995). Following
successful fertilization, the initial stages of embryonic development occur simultaneously
with egg formation within the oviduct (Etches, 1996; Fasenko, 2009), such that at the
time of oviposition, the embryo contains approximately 32,000 to 42,000 cells and will
be in the late blastula stage of development (Stepińska and Olszańska, 1983).
In contrast to normal fertilization and embryonic development, parthenogenetic
development has been reported in avian species (Ramachandran and McDaniel, 2018).
Parthenogenesis is embryonic development in unfertilized eggs that occurs in the absence
of any sperm-egg interactions (Beatty, 1967). Parthenogenesis is thought to occur due to
either the recombination or reunion of the second polar body with the egg nucleus or the
absence of meiosis II (Suomalainen, 1950; Olsen, 1975; Lampert, 2008). However, most
avian parthenogenesis is an abortive form of development (Olsen, 1975). In fact,
parthenogenetic embryos are only at the early blastula stage of development when the
egg is laid and require two additional days of incubation as compared to normal embryos
that develop from a fertilized egg (Haney and Olsen, 1958). Moreover, they resemble
early embryonic mortality in fertilized eggs (Cassar et al., 1998).
Parthenogenesis is known to hinder the normal process of fertilization and have a
negative impact on egg production, fertility, and hatchability (Schom et al., 1982; Parker
2

et al., 2012). Moreover, parthenogens are viable embryos that can alter various egg
characteristics such as albumen ionic composition, egg weight, and moisture loss (Wells
et al., 2012; Santa Rosa et al., 2016b; Parker et al., 2017). Further, all hatched avian
parthenogens are males with poor semen quality (Olsen, 1975). Also, when males
exhibiting the parthenogenetic trait are mated, they yield fewer sperm that are capable of
penetrating the egg when compared to unselected birds (Santa Rosa et al., 2016a).
Additionally, certain live poultry viruses, following either vaccination or natural
infection, are known to enhance parthenogenesis in chickens and turkeys (Olsen, 1956,
1962; Olsen and Buss, 1967). Because parthenogenesis is known to exist in the modern
poultry industry (Bakst et al., 2016), if overlooked, it could result in significant economic
losses to the industry. Also, it is possible that parthenogenesis is responsible for the
reduced reproductive performance of commercial birds.
However, the incidence of parthenogenesis reported in the modern poultry
industry is low (4%) (Bakst et al., 2016); and hence, research using large numbers of
breeding age chickens and turkeys would be laborious, time-consuming, and extremely
costly. Hence, there is a need for a laboratory animal model for avian parthenogenesis
research. Chinese painted quail, Coturnix chinensis, is already established as an excellent
model of choice for avian reproduction studies (Tsudzuki, 1994; Ono et al., 2005; Parker
and McDaniel, 2009) and have been extensively used for research on avian
parthenogenesis (Parker and McDaniel, 2009; Parker et al., 2010; Santa Rosa et al.,
2016a). However, much information pertaining to the reproductive mechanisms and
normal fertilization process in this species remains unknown.
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Because a better understanding of the process of parthenogenesis could benefit
the commercial poultry industry, research on a range of factors influencing
parthenogenesis was conducted in the current dissertation using Chinese painted quail as
the model. The current study was divided into four different objectives. To obtain a better
understanding of normal fertilization in Chinese painted quail before using it as a model
for avian parthenogenesis research, the first objective was to determine the minimum
number of sperm required to yield maximum fertility, the duration of fertility following
male removal, and the relationship of the characteristics of various egg components with
the number of sperm-egg penetration holes and fertility. Because dams and sires selected
for the parthenogenetic trait negatively impact reproductive performance by altering set
egg weight, albumen pH, sperm-egg penetration, and fertility (Parker et al., 2017), it is
possible that they also have an impact on the characteristics of other internal components
of eggs exhibiting parthenogenesis. Therefore, the second objective was to determine if
egg yolk, albumen, and shell weights are altered by the parthenogenetic trait and which
parental sex contributes to alterations in egg weight and these egg components. Further,
alterations in these egg components due to the parthenogenetic trait could also affect
progeny production and performance. Hence, the third objective was to determine if
parthenogenetic line dam and sire individually or together affect progeny body weight,
mortality, performance, and parthenogenesis incidence. Finally, as certain live poultry
viruses from the 1960’s are known to influence parthenogenesis (Olsen, 1956, 1962;
Olsen and Buss, 1967), it is important to evaluate the effect of current virus vaccine
strains on parthenogenesis and their mechanism of action. The fourth objective was
divided into two experiments. The objective of the first experiment was to determine the
4

in vivo effect of live pigeon pox virus on parthenogenesis following vaccination. The
objective of second experiment was to determine the in vitro effects of live pigeon pox
and Newcastle disease viruses on parthenogenesis following the direct administration of
the live viruses over the germinal disc area. This approach would provide for a better
understanding of the mechanism of action of DNA and RNA viruses on parthenogenesis.
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CHAPTER II
LITERATURE REVIEW
{Ramachandran R & McDaniel CD 2018. Parthenogenesis in birds: A review.
Reproduction 155(6): R245-R257, doi: 10.1530/REP-17-0728}
Fertilization and Sperm Storage in Birds
In males, the sperm cells are produced from the primordial germ cells by a
process known as spermatogenesis (Parker 1949; Jones and Lin, 1993). In avian species,
spermatogenesis occurs within the testes located inside the body cavity. The primordial
germ cells undergo mitotic and meiotic divisions as well as differentiation to form the
final motile haploid spermatozoa. These spermatozoa are then stored in the epididymis
and vas deferens, and finally, released into the cloaca at copulation (Parker 1949; Jones
and Lin, 1993).
In females, the differentiation of ovum from the primordial germ cells is known as
oogenesis (Gilbert, 2000). Even though oogenesis differs from spermatogenesis in several
ways, during puberty, both the processes are regulated by a complex array of hormones
produced from the hypothalamus, adenohypophysis, and gonads (Whittow, 2000). These
hormones stimulate development of different sexual characteristics and consequently the
production of germ cells, the spermatozoa and oocytes (Robinson et al., 2003). During
oogenesis, the primordial germ cells enter the embryonic ovarian region and differentiate
to form the diploid oogonia and are finally arrested as primary oocytes in the diplotene
6

stage of meiosis I. Prior to ovulation, meiosis I resumes, and the first polar body is
extruded from the female pronucleus. At ovulation, the secondary oocyte arrested at the
metaphase stage of meiosis II is released from the ovary and is picked up by the
infundibulum (Etches, 1996; Gilbert, 2000). When spermatozoa are present, within 15
min of ovulation fertilization occurs in the infundibulum (Olsen, 1942). At fertilization,
the secondary oocyte resumes meiosis II, extrudes the second polar body and forms a
mature haploid ovum (Etches, 1996; Gilbert, 2000).
For a successful fertilization, the spermatozoa must undergo an acrosomal
reaction and penetrate the inner perivitelline layer, the membrane surrounding the ova, in
the germinal disc region where the female pronucleus is located (Okamura and
Nishiyama, 1978). The fusion of the haploid male and female pronuclei result in the
formation of a diploid single cell, the zygote (Wilson, 1925). In avian species, as the
fertilization window is very narrow, they have developed two physiological mechanisms
to enhance their chances of successful fertilization: sperm storage in the female
reproductive tract (Van Drimmelen, 1946; Birkhead, 1987) and polyspermy (Harper,
1904; Bobr et al., 1964).
Female birds are known to store sperm in their reproductive tract for prolonged
periods after copulation or artificial insemination (Howarth, 1974). The primary storage
sites are sperm storage tubules (SSTs) located at the utero-vaginal junction, and the
secondary storage sites are sperm nests at the distal infundibulum (Van Drimmelen,
1946; Bobr et al., 1964). These sperm storage sites allow sustained fertility in avian
species even in the absence of males (Bakst, 2011). However, sustained fertility depends
on the hen’s capacity to store and release sperm from the SSTs over the course of
7

successive daily ovulatory cycles (Bakst, 2011). In fact, the capacity of sperm storage and
thereby the duration of fertility are strongly correlated with the number of SSTs, which in
turn is correlated with body size (Birkhead and Hunter, 1990; Briskie and Montgomerie,
1993). As a result, after a single mating or artificial insemination, the duration of fertility
varies between species (Bakst, 2011). Recently, Bakst et al. (2010) reported that the
average number of SSTs for chickens and turkeys were 4,900 and 30,600, respectively.
This in turn explains why the duration of fertility is 3 to 4 wks in chickens (Brillard,
1993) and 8 to 15 wks in turkeys (Lorenz, 1950). Furthermore, Brillard et al. (1998)
reported that hens selected for high fertility had a significantly greater number of SSTs as
opposed to hens selected for low fertility. In addition, factors other than SST numbers
were found to play a significant role in sustained fertility in birds. For instance, during
the ovulatory cycle, the release of sperm from the SSTs are highly regulated, and
progesterone acts as a sperm-releasing factor in birds causing a daily slow release of
sperm (Ito et al., 2011). In fact, knowledge on sperm storage capacity and duration of
fertility in different domesticated and non-domesticated avian species is essential to
develop practical strategies of reproduction (Brillard et al., 1998; Birkhead and Brillard,
2007).
Physiological polyspermy is a normal phenomenon in avian fertilization (Harper,
1904), where as in mammals, the penetration of the ovum by multiple sperm is
considered pathological polyspermy as it results in embryo death (Wang et al., 2003).
Recent studies in Japanese quail, domestic fowl, and zebra finches found that a minimum
number of sperm must penetrate the ovum to ensure early embryo development and
survival (Mizushima et al., 2014; Hemmings and Birkhead, 2015). Further, the
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fertilization target area, the germinal disc, is a very small target on a relatively large,
yolky avian egg; and hence, an excessive number of sperm must penetrate the ovum to
ensure sperm enter near the female pronucleus to yield a successful fertilization
(Birkhead et al., 1994). Consequently, the number of sperm penetrating the perivitelline
layer is positively correlated with ovum size and body mass (Birkhead et al., 1994). In
fact, in avian species, a minimum number of sperm must penetrate the germinal disc area
to ensure maximum fertility. For instance, chickens require a minimum of 30
spermatozoa to penetrate the germinal disc area to ensure maximum fertility (Bramwell et
al., 1995). Even though several sperm enter the germinal disc area, only one male
pronucleus fuses with the female pronucleus (Howarth and Digby, 1973; Okamura and
Nishiyama, 1978), and the remaining excess spermatozoa undergo degradation by DNase
activity (Stępińska and Olszańska, 2003). Immediately after fertilization, the outer
perivitelline layer is formed around the ovum, trapping many sperm and acting as a
barrier for any additional polyspermy (Wishart, 1987). In fact, there is a positive
correlation between the number of sperm penetration holes in the inner perivitelline layer
(SEP) and the number of sperm trapped on the outer perivitelline layer (Birkhead and
Fletcher, 1994). In Japanese quail, Santos et al. (2013) reported that the minimum
number of spermatozoa trapped on the outer perivitelline layer to ensure >95% fertility
was 3/mm2 of the germinal disc. Furthermore, in a comparative study of total number of
spermatozoa per egg, it was found that for both SEP and spermatozoa trapped on the
outer perivitelline layer, in 27 distinct species of passerine and non-passerine birds there
was a wide variation in the total number of spermatozoa per egg among species, which
ranged from 29 to 164,000 spermatozoa (Birkhead et al., 1994). Additionally, within
9

mated Chinese painted quail, Santa Rosa et al. (2016a) reported a wide variation in SEP,
ranging from 0 to 2000 sperm holes. It appears that this wide variation in SEP holes is
probably due to their inefficiency for sustained sperm storage and their requirement for
an enormous number of sperm to attain fertilization. However, additional research on the
structure of SSTs and the mechanism of sperm release from the SSTs of each avian
species would be required to confirm this hypothesis. Also, based on these previous
findings, it appears that the number of sperm penetrating the egg is related to fertility,
early embryo survival and ovum size. However, additional research is required to
determine if formation of the egg is altered due to the number of sperm penetrating the
egg.
Techniques to Determine Fertility
Fertility of commercial broiler breeders is of major concern in the poultry industry
to ensure maximum economic returns, as fertilized eggs produce the broiler chicks for
meat production. Intense genetic selection of commercial broiler breeders for improved
growth rate, meat yield, and feed conversion has negatively impacted their fertility and
hatchability. The decline in hatchability of commercial birds is due, in large part, to an
increase in infertility (Bramwell, 2002). Interestingly, infertile eggs are capable of
embryonic development without fertilization through a natural process known as
parthenogenesis (Suomalainen, 1950). It is known that mechanisms regulating
parthenogenesis work against normal fertilization, such that eggs exhibiting
parthenogenesis cannot be fertilized (Schom et al., 1982; Parker et al., 2012). As a result,
it is possible that parthenogenesis is one of the reasons for the decline in fertility and
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hatchability among commercial birds. Parthenogenesis is discussed in detail later in this
chapter.
Because fertility is extremely important to the poultry industry, several methods
have been developed to determine flock fertility: fresh egg breakout, candling, hatch
residue analysis, albumen protein analysis, and sperm-egg interaction analysis (Robinson
et al., 2003; Wilson and Mauldin, 2014). In fresh egg breakout, germinal disc
development of freshly laid eggs are analyzed to determine fertility. However, this
technique leads to loss of potential chicks (Wilson and Mauldin, 2014). Candling eggs at
7 d of incubation is one of the techniques widely practiced in the industry to determine
overall fertility. Following candling, eggs with no embryonic development and those
containing early dead embryos are detected and broken out to determine overall fertility
(Robinson et al., 2003; Wilson and Mauldin, 2014). Another widely used technique in the
industry is hatch residue analysis. Here, after 21 d of incubation, the eggs that did not
hatch are opened and examined to determine at what stage of embryonic development
hatching failure occurred (Wilson and Mauldin 2014). Although candling eggs and hatch
residue analysis are most widely used techniques in the industry, the results can be
erroneous. For instance, embryos that die in the very early stages of incubation with no
blood formation can undergo blastoderm degeneration and can be classified as infertile
during hatch residue analysis (Robinson et al., 2003).
Albumen protein analysis and sperm-egg interaction analysis are the two
laboratory techniques used to more accurately determine fertility (Qiu et al., 2012, 2013).
In albumen protein analysis, the difference in the albumen protein concentrations of fresh
fertilized and fresh unfertilized eggs are determined. Fertile eggs are known to have
11

different concentrations of proteins from the ovalbumin protein family as opposed to
infertile eggs. For example, fertilized eggs have a higher concentration of ovalbuminrelated protein Y as compared to unfertilized eggs (Qiu et al., 2012, 2013).
Sperm-egg interaction analysis was developed by Bramwell et al. (1995) to
accurately predict fertility. This technique examines the number of sperm that penetrate
the inner perivitelline layer and is strongly correlated with true fertility. In SEP analysis,
after separating and staining the perivitelline layer, the number of sperm holes in a 1.35
mm2 area around the germinal disc is counted and fertility is predicted. Number of sperm
holes are known to have a significant correlation with fertility, and in the absence of
males, SEP declines with days post-insemination or days post-mating(Bramwell et al.,
1995).
Egg Formation and Embryonic Development
In poultry, following a successful fertilization, zygote is formed in the
infundibulum and will undergo successive mitotic divisions along with the formation of
the egg in the oviduct (Etches, 1996; Fasenko, 2009). The first layers of albumen are laid
down on the ovum in the magnum within minutes after fertilization, and the first mitotic
division occurs about 4 hours after ovulation as the egg enters the isthmus (Etches, 1996).
In the isthmus, shell membranes are laid around the albumen layer; and in the shell gland,
the shell is deposited around the egg. When the egg enters the shell gland, the embryo
will be approximately 14-16 cells in size (Etches, 1996). While the egg stays in the shell
gland for 20 h, the embryo continues to grow, and after 5 h of cellular development, the
embryonic cells begin to separate. This separation of embryonic cells results in the
formation of fluid-filled subgerminal cavity beneath the embryonic cells (Eyal Giladi and
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Kochav, 1980). These embryonic cells continuously increase in number, forming a
uniform sheet of epithelial cells called a blastoderm (Eyal-Giladi and Kochav, 1976). In
this process, the embryonic cells detach from the center of the blastoderm into the
subgerminal cavity and result in the formation of the area pellucida, which later develops
into the embryo proper. Further, the cells which border the blastoderm form the area
opaca, which later develops into the extra-embryonic membranes (Eyal-Giladi and
Kochav, 1976; Eyal Giladi and Kochav, 1980). At the time of oviposition, inside a fully
formed egg, the chicken embryo will consist of approximately 32,000 to 42,000 cells, and
the embryo will be in the late blastula stage of development (Stepińska and Olszańska,
1983).
After the fertilized egg is laid, the chick embryo will require 21 d of incubation
under standard conditions to complete its development. During the first 7 d of embryonic
development, there is considerable growth of the embryo. For instance, on 2nd d of
development, blood formation occurs, on 3rd d development of the circulatory system
occurs, and by the 4th d brain develops. The 7th d or end of the first trimester is marked
by the development of the egg tooth. During the second trimester, 7th to 14th d of
development, the major events occurring are the formation of feathers, calcification of
bones, and the appearance of comb and wattles. Finally, the last trimester, 14th to 21st d
of development, is marked by rapid growth of the chick, absorption of the yolk sac into
the body cavity, and preparation for hatching. At day 20 of development, the chick starts
to pip the egg shell to complete hatching at day 21 (Hamburger and Hamilton, 1951).
Further, regardless of the avian species, the pattern of developmental characteristics of
the embryos are identical in each stage of embryonic development (Sellier et al., 2006).
13

Interestingly, parthenogenetic development in unfertilized avian eggs occurs at a
slower rate as compared to an embryo from a fertilized egg. For example, parthenogens
are only in the early blastula stage of development at the moment of lay and require two
additional days of incubation to complete their development (Haney and Olsen, 1958).
Also, parthenogenetic embryos usually do not show embryonic differentiation after
incubation and resemble early embryonic mortality in fertilized eggs ( Cassar et al.,
1998a; Santa Rosa et al., 2016a). However, occasionally turkey parthenogens do advance
to the later stages of embryonic development and even hatch (Olsen, 1975). Additional
research on the process of parthenogenesis is required to better understand the reason for
this difference between normal embryonic development and parthenogenetic
development.
Avian Model of Choice for Reproduction Studies
In the poultry industry, the preferred avian species for applied reproduction
studies are chickens and turkeys. However, studies using chickens and turkeys are highly
laborious, time-consuming, and extremely costly. To perform a majority of avian
reproduction studies, including parthenogenesis, large numbers of sexually mature birds
are required. Because chickens and turkeys reach sexual maturity at 25 wk of age or later,
the labor and time required to develop and maintain such a large number of breeding age
birds as well as their large size and feed consumption make reproduction research with
chickens and turkeys extremely costly and time-prohibitive. This coupled with the fact
that the incidence of parthenogenesis is very low in the modern poultry industry may be
why modern research on parthenogenesis using chickens and turkeys is very scarce
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(Bakst et al., 2016). As a result, there is a need for a laboratory research animal model
that could serve as an excellent candidate for avian reproduction research.
Chinese painted quail, Coturnix chinensis, is already established as an excellent
model of choice for avian reproduction studies (Table 2.2; Tsudzuki, 1994; Ono et al.,
2005; Parker and McDaniel, 2009). They belong to the same family, Phasianidae, as
chickens and turkeys and are the smallest of all species in the order Galliformes
(Tsudzuki, 1994). Handling and general care are very easy for this species, due to their
small body size. The newly hatched chicks weigh about 4g and adult birds weigh ~50 g,
which is about half the size of its close relative, the Japanese quail, Coturnix japonica.
However, unlike Japanese quail, the Chinese painted quail has not been subjected to
intense genetic selection for poultry industry production characteristics. Moreover,
Chinese painted quail exhibit excellent reproductive performance. They reach sexual
maturity in only about 6 to 8 wks of age and have about 60 to 80% egg production, more
than 90% fertility, and around 80% hatchability and viability. Also, they require only 17
d of incubation to hatch (Tsudzuki, 1994; Ono et al., 2005).
The Chinese painted quail are native to India, Southeast Asia, and the
southeastern area of China (Tsudzuki, 1994). Currently, they have been extensively used
for research on avian parthenogenesis (Parker and McDaniel, 2009; Parker et al., 2010;
Santa Rosa et al., 2016b). Parker and McDaniel (2009) recently discovered naturally
occurring parthenogenesis in this species. Thereafter, Chinese painted quail were
successfully subjected to intense genetic selection for parthenogenesis (Parker et al.,
2010). Even though multiple studies on parthenogenesis have been conducted in this
species, much information on the reproductive mechanisms of this species are still
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unknown. Interestingly, in a mated Chinese painted quail population, Santa Rosa et al.,
(2016a) reported an extreme variation in the distribution of the number of sperm
penetrating the egg. However, it is unknown how many spermatozoa are necessary to
penetrate the germinal disc area to insure fertilization in this species. Hence, there is a
need for further understanding reproduction in this species before using it for future avian
reproduction research.
Parthenogenesis in Birds
Parthenogenesis is a unique form of reproduction where embryonic development
occurs in unfertilized eggs. Beatty (1967) defined parthenogenesis as “the production of
an embryo from a female gamete without any genetic contribution from a male gamete,
and with or without eventual development into an adult”. So, any degree of development
in unfertilized eggs is regarded as parthenogenesis. Moreover, it is distinct from asexual
forms of reproduction, such as fission and budding, because it involves the female
gametes, and is often, regarded as an incomplete form of sexual reproduction (Mittwoch,
1978).
Charles Bonnet, a naturalist and philosopher from the mid-eighteenth century,
first reported the phenomenon of parthenogenesis in aphids
(https://hpsrepository.mbl.edu/handle/ 10776/1745, accessed on 10/20/2017). In fact,
parthenogenesis is a very common, naturally occurring phenomenon among the lower
orders of the animal kingdom, especially invertebrates (Suomalainen, 1950; Edwards et
al., 2003; Lourenço, 2008). Among vertebrates, natural occurrence of parthenogenesis
yielding live offspring has been documented in some lower order vertebrates, such as
Whiptail lizards (David and Moore, 1993), Komodo dragons (Watts et al., 2006),
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hammerhead sharks (Chapman et al., 2007) and Boa constrictor and python snakes
(Booth et al., 2011, 2014) in captivity as well as copperhead and cottonmouth pit viper
snakes (Booth et al., 2012) in the wild. Even though naturally occurring parthenogenesis
is phylogenetically widespread among these vertebrate lineages, the establishment of
parthenogenesis in higher orders of the animal kingdom appears to be difficult
(Suomalainen, 1950). In higher order vertebrates, natural parthenogenesis is usually
abortive in nature (Whittingham, 1980). In fact, in mammals, the functional
specialization of paternal and maternal genomes, genomic imprinting, acts as a barrier for
natural parthenogenesis (Kono, 2006). On the other hand, genomic imprinting is
believed to be absent in birds; therefore, natural parthenogenesis exists in birds but is
generally abortive with a few notable exceptions in turkeys and chickens (Olsen, 1975).
Interestingly, birds are the highest order vertebrates where naturally occurring
parthenogenesis results in adult parthenogens, and hence, avian species can serve as an
ideal model to study parthenogenesis to gain more information on the evolution of the
sexual mode of reproduction as well as the association of ovarian cancers with
spontaneous parthenogenetic development in mammalian oocytes. Moreover, among
avian species, the Chinese painted quail (Coturnix chinensis) serves as an excellent
model for developmental studies on parthenogenesis (Parker and McDaniel, 2009) due to
their small size, short generation interval, and early age of sexual maturity, when
compared to chickens and turkeys (Tsudzuki, 1994). Also, these characteristics make
parthenogenesis research using quail as a model extremely cost- and time-effective
(Table 2.2).
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In birds, as in other vertebrate lineages, parthenogenesis appears to be
phylogenetically widespread and was first reported in the chicken by Oellacher (1872).
Thereafter, this phenomenon has been discovered in a variety of avian species, such as
pigeons (Bartelmez and Riddle, 1924), turkeys (Olsen and Marsden, 1954a), zebra
finches (Schut et al., 2008), and Chinese painted quail (Parker and McDaniel, 2009). In
all these species, almost all parthenogenetic development is unorganized and abortive.
However, following intense genetic selection for parthenogenesis, Olsen (1975) was
eventually able to hatch approximately 1% of unfertilized turkey eggs.
Parthenogenesis in birds is diploid, automictic, and facultative, producing only
males (Olsen, 1975). In fact, the majority of vertebrates, like varanid lizards,
elasmobranch fishes, and boa and python snakes, exhibit facultative parthenogenesis
(Watts et al., 2006; Chapman et al., 2007; Booth et al., 2011, 2014), whereas a small
number (lizards and a single species of snake, the Brahminy blind snake) exhibit obligate
parthenogenesis (a form different than facultative in both mechanism and outcome;
Booth and Schuett, 2016). In animals exhibiting facultative parthenogenesis, an egg may
develop either by normal fertilization or parthenogenetically. In automictic
parthenogenesis, the early state of meiosis is similar to eggs undergoing fertilization
resulting in chromosome reduction. Subsequently, the diploid chromosomes are restored
through either fusion of two haploid nuclei (the egg nucleus and the second polar body
nucleus, known as terminal fusion automixis), the formation of a restitution nucleus, or
endomitosis. Parthenogens developing through this type of parthenogenesis always have
a diploid number of chromosomes (Suomalainen, 1950; Olsen, 1975; Lampert, 2008).
However, in the initial stages of development, turkey parthenogens have a high
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proportion of haploid cells which are replaced by diploid cells as development advances
(Sato and Kosin, 1960). Cytological studies in turkey parthenogens have established that
they are diploid males (Sato and Kosin, 1960; Cassar et al., 1998a, b). However, Portnoy
et al. (2014) reported the production of the first haploid vertebrate parthenogen in a
whitetip reef shark.
It appears that these mechanisms regulating parthenogenesis in birds may actually
work against normal fertilization. Recently, studies on quail reported that virgin hens
exhibiting parthenogenesis have reduced fertility and hatchability following mating
(Parker et al., 2012; Santa Rosa et al., 2016a). Moreover, as parthenogenesis is present in
the modern poultry industry (Bakst et al., 2016), it is possible that the reproductive
performance of commercial poultry species may be negatively impacted by
parthenogenesis. Therefore, a better understanding of parthenogenesis and the
mechanisms that control it could benefit the commercial poultry industry. In this review
we will try to summarize all available information on the process of avian
parthenogenesis, including its potential impact on the poultry industry.
Incidence of Parthenogenesis
Parthenogenesis in Virgin Birds
In 1945, Kosin found parthenogenetic development in 15% of fresh unfertilized
eggs of Barred Plymouth Rock and White Leghorn hens, but this development ceased
when the eggs were incubated. An abortive type of parthenogenesis that could be revived
upon incubation was found in 1952 in the unfertilized eggs of Beltsville Small White
(BSW) turkeys and then in 1953 in Dark Cornish chickens (Olsen, 1975). The BSW
turkeys were isolated from males for at least 224 d; and interestingly, 16.3% of the eggs
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laid had some degree of macroscopically detectable development upon incubation (Olsen
and Marsden, 1954b). In 1958, Poole and Olsen detected parthenogenesis in Dark
Cornish hens by macroscopic examination of 10 d incubated eggs and found that 21.9%
of the total hen population laid at least 1 egg that contained parthenogenetic development.
Of the 81 hens that laid eggs containing embryonic development, 30 hens were
responsible for laying at least 2 or more eggs that exhibited parthenogenesis. In fact, 2
hens were responsible for producing 5 embryos from 20 unfertilized eggs. More recently,
Parker and McDaniel (2009) reported that in a virgin Chinese painted quail population
27% of the hens laid at least 1 egg that exhibited macroscopically detectable
parthenogenetic development upon 10 d of incubation. Of 4,000 eggs examined, 4.8%
exhibited some degree of development. In fact, this incidence of parthenogenesis in quail
is close to that found in modern commercial turkeys, 3% (Bakst et al., 2016).
Interestingly, upon microscopic examination of fresh unfertilized turkey eggs,
Kosin and Nagra (1956) found that 80% contained nucleated cells, and Haney and Olsen
(1958) found that 90% contained nucleated cells in sectioned blastodiscs. However, upon
incubation for 10 d, macroscopically detectable parthenogenetic development was often
reduced to 16 to 18% (Olsen, 1975). In fact, this reduction in the incidence of
parthenogenesis following incubation was due to disintegration of the nuclei within a few
days after the onset of incubation (Kosin, 1945; Schut et al., 2008). Hence, microscopic
examination of fresh eggs was considered more accurate than macroscopic examination
after incubation for determining the incidence of naturally occurring, rudimentary
parthenogenesis due to the decline in detectable parthenogenesis after incubation (Poole
and Olsen, 1958; Table 2.1).
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Parthenogenesis in Mated Birds
Interestingly, Olsen (1962a) discovered that parthenogenesis occurs not only in
virgin hens but also in the unfertilized eggs from mated BSW hens. In this study, genetic
feather color markers were used which revealed that at least some eggs from mated
turkeys develop parthenogenetically. However, it was concluded that parthenogenetic
development did not hinder the normal fertilization process even though diploidy is
restored in parthenogenetic development at the same time as fertilization would occur in
the infundibulum, which could possibly result in polyploidy if sperm were to penetrate an
egg already undergoing parthenogenetic development (Olsen, 1962a; 1967a). More
recently, Parker et al. (2012, 2014) reported parthenogenesis in eggs from mated Chinese
Painted quail hens that exhibited the parthenogenesis trait as virgins. However, when
these virgin hens exhibiting the parthenogenesis trait were mated, it was found that as the
incidence of parthenogenesis in virgins increased, hatchability in mated birds decreased
(Parker et al., 2012). Also, as generation of selection for the parthenogenesis trait
increased, hatchability of eggs set and hatchability of fertile eggs decreased (Parker et al.,
2014). Similarly, Schom et al. (1982) reported a negative correlation between the
incidence of parthenogenesis in virgin hens and hatch of fertile eggs (r= -0.93) in
artificially inseminated Broad Breasted White turkeys. In addition, both male and female
quail selected for the parthenogenetic trait appear to be responsible for the reduction in
hatchability (Parker et al., 2017). In fact, parthenogenetic line females contribute to this
reduction in hatchability following mating by increasing early embryonic mortality and
the percentage of eggs exhibiting parthenogenesis. However, the reduction in hatchability
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for parthenogenetic line males is due to decreased fertility as well as an increased
incidence of parthenogenesis (Parker et al., 2017).
Similar to hatchability, genetic selection for the parthenogenetic trait negatively
affected overall fertility in Chinese painted quail (Parker et al., 2014; Santa Rosa et al.,
2016a). This reduction in fertility in birds selected for parthenogenesis was due to fewer
sperm penetrating the egg. In fact, the average number of sperm penetration holes in the
perivitelline layer of birds selected for parthenogenesis was 45 versus 171 sperm holes in
eggs from the unselected control birds. Also, the percentage of eggs without any sperm
holes was 21% higher in birds exhibiting parthenogenesis as opposed to the control birds
(Santa Rosa et al., 2016a). Parker et al. (2017) found that males selected for the
parthenogenetic trait were indeed responsible for this lower fertility due perhaps to poor
semen quality, therefore allowing for more unfertilized eggs and hence more
parthenogenetic eggs. These recent findings contradict Olsen's (1962a) earlier hypothesis
that mechanisms of parthenogenesis do not interfere with the mechanisms of normal
fertilization and embryonic development in birds. However, Olsen (1975) did report that
hatched turkey parthenogens had poor semen quality.
Molecular Mechanism of Parthenogenesis
Research has shown that avian parthenogens studied so far are males consisting
mostly of diploid cells with ZZ chromosomes due to heterogamety (ZW) in the avian
female sex. For example, the microscopic and histological examination of gonads from
BSW turkey parthenogens revealed that all parthenogens were males (Poole and Olsen,
1957). In another study, molecular sexing of BSW turkey parthenogens revealed the
absence of the W chromosome indicating that all parthenogens examined were males
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(Cassar et al. 1998a). In fact, this is similar to that observed in caenophidian snakes with
the ZW sex determining system where all parthenogenetic offspring produced were males
(Booth and Schuett, 2016). In addition, turkey parthenogens at their initial stages of
development were mosaics of haploid, diploid, and polyploid cells (Sato and Kosin,
1960; Harada and Buss, 1981). However, as development progressed, the proportion of
haploid cells declined, such that in hatched turkey parthenogens more than 87% of the
cells were diploid (Sato and Kosin, 1960; Cassar et al., 1998b). However, Sarvella (1970)
reported triploidy (ZZW) in an adult chicken that was likely a parthenogen. In fact,
parthenogenetic embryos begin their development from haploid ova, and eventually, the
diploid chromosome number is established (Darcey et al., 1971; Deford et al., 1979;
Harada and Buss, 1981). However, the mechanism of restoration of diploidy is not yet
completely understood.
The proposed molecular mechanism for avian parthenogenesis is either the
retention of the second polar body and its fusion with the egg nucleus, or the absence of
meiosis II (Figure 2.1; Sato and Kosin, 1960; Olsen and Buss, 1972; Olsen, 1975).
During normal fertilization, viable sperm present at the infundibulum penetrate the ovum,
and meiosis II is subsequently completed. The second polar body is expelled and the
haploid sperm fuse with the egg pronuclei to form a diploid zygote (Olsen, 1942; Olsen
and Fraps, 1944). However, when viable sperm are absent or when sperm fail to penetrate
the ovum, the second polar body is likely not completely expelled from the ovum.
Eventually, the second polar body and the egg nuclei may fuse and form a reconstituted
nucleus containing a diploid number of chromosomes (Sato and Kosin, 1960; Olsen,
1975). Due to the ZW sex determining system in the avian species, the second polar body
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and the egg nuclei can carry either a Z or W chromosome. The fusion of the two carrying
Z chromosomes result in the formation of a homogametic (ZZ) male, whereas the fusion
of the two W chromosomes is lethal (WW; Harada and Buss, 1981). Therefore, the
unfertilized ovum carrying the Z chromosome resumes development as a diploid cell with
all genetic material of maternal origin and yields a male parthenogen (Olsen, 1975).
Also, cytological studies have shown that avian parthenogens are heterozygous at
certain loci. Based on skin grafting (Poole et al., 1963; Poole, 1965) and down color
marker (Olsen, 1966a) tests, turkey parthenogens were shown to be heterozygous at one
or a few loci. Normal meiotic reduction and crossing over followed by the retention of
the second polar body with the egg nucleus could produce diploid males containing
chromosomes heterozygous within crossover regions for any loci at which the dam was
also heterozygous (Olsen, 1975).
Characteristics of Parthenogenesis
Before and After Oviposition
Prior to lay, parthenogenetic embryos experience a time lag in development when
compared to normal embryos from fertilized eggs (Olsen, 1965a). Turkey parthenogens
undergo first cleavage at the uterus (Haney and Olsen, 1958) as opposed to the magnum
in normal fertilized embryos (Olsen and Fraps, 1944). Hence, the first cleavage is delayed
by about 2-3 hours in unfertilized parthenogen embryos (Haney and Olsen, 1958).
Following cleavage, cells of parthenogens tend to fuse, pile up, and form multiple layers
rather than spread laterally as a single-layered blastoderm (Olsen, 1965a). This lack of
cellular organization is hypothesized to be due to the absence of sperm (Bartelmez and
Riddle, 1924; Olsen, 1975). In addition, during early parthenogenetic development and
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even at lay, the cells are solely large yolk-laden blastomeres as opposed to small
epithelial-type cells found in freshly laid fertilized eggs (Olsen, 1965a). Also, these
parthenogenetic cells are often necrotic, disorganized, and arrested in development
(Olsen, 1942; Parker and McDaniel, 2009).
At lay, parthenogens are in the early blastula stage (Haney and Olsen, 1958),
whereas fertilized embryos are often in the early gastrula stage of development (Hays and
Nicolaides, 1934). Hence, the delayed parthenogens require 2 additional days of
incubation as compared to fertile eggs to hatch (Olsen, 1965a). In fact, in fresh Chinese
painted quail eggs, the germinal discs exhibiting parthenogenetic development were
slightly smaller than those of fertilized eggs due to delayed embryonic development
(Parker and McDaniel, 2009). Moreover, in the fresh eggs from virgin and non-mated
Barred Rock and White Leghorn hens examined by Kosin (1945), 15% of the blastodiscs
showed cells containing intact nuclei and in the process of mitosis. However, the duration
of mitosis was brief, terminating at approximately 24 h after oviposition and thus, could
not be revived upon incubation. Also, in zebra finches with parthenogenetic development,
germinal discs contained irregular shaped and aggregated nuclei (Schut et al., 2008).
However, Bakst et al. (1998) observed well organized area pellucida, area opaca, and a
distinct periblastic ring in six out of the ten fresh unfertilized turkey blastoderms with
parthenogenetic development.
During Incubation
During incubation, parthenogens require 2 additional days (Olsen, 1965a) and this
additional time required is probably utilized to reorganize the unorganized embryonic
cells to form a normal blastoderm (Olsen, 1975). Cytological studies using unfertilized
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BSW turkey eggs with parthenogenetic development during the first 4 days of incubation
demonstrated varying degrees of transformation of yolk-laden blastomeres into multiplelayers of epithelial-type cells. In some instances thickened sheets of epithelial-type cells
were seen to cover the entire yolk surface, however embryos were formed in only 20% of
the unfertilized eggs (Olsen, 1975). In fact, this unorganized embryonic development
makes it difficult to classify avian parthenogens using the standard stages of embryonic
development described by Hamburger and Hamilton (1951). More recently, in BSW
turkeys selected for parthenogenesis, parthenogenetic development within the first 24 to
48 h of incubation appeared as unorganized sheets of cells closely resembling early
embryonic mortality in fertilized eggs (Cassar et al., 1998a). Also, Schut et al. (2008)
suggested that the unfertilized zebra finch eggs containing parthenogenetic development
were advanced enough to appear as early dead embryos. Further, parthenogenetic
embryos from unselected virgin Chinese painted quail after 10 d of incubation, resembled
very early dead embryos with unorganized, membranous, and undifferentiated cells
(Parker and McDaniel, 2009). Interestingly, a few of the quail parthenogens exhibited an
organized development with an area pellucida, area opaca, and distinct periblastic ring
similar to fresh unincubated-fertilized eggs. In fact, the average germinal disc size of 10 d
incubated parthenogens was 3.7 mm as opposed to 4.0 mm in fresh unincubated-fertilized
eggs. However, the germinal disc of 10 d incubated parthenogens were wider than both
fresh and 10 d incubated unfertilized eggs with no development (Figure 2.2; Parker and
McDaniel, 2009).
Recently, in virgin (Santa Rosa et al., 2016b) and mated (Santa Rosa et al.,
2016a) Chinese painted quail genetically selected for parthenogenesis, over incubation,
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parthenogens were shown to modify the environment within the egg albumen. For
example, as parthenogen size increased from 0 through 12 d of incubation, albumen pH
was lowered as the parthenogens were actively multiplying and undergoing cellular
respiration utilizing albumen O2 and releasing CO2. Similarly, as parthenogen size
increased, albumen Ca2+ concentration also increased, possibly due to ionic release from
the egg yolk at the low albumen pH. Also, albumen Na+ concentration was altered,
perhaps due to the movement of water from the albumen to the yolk for the formation of
subembryonic fluid. Conversely, parthenogens experience a decreased albumen Cl-, as
Cl- was likely passively transported into the blastoderm (Santa Rosa et al., 2016b).
Likewise, parthenogens lowered albumen proteins as they were mobilized for growth
(Santa Rosa et al., 2016a, b). Interestingly, the albumen analyses revealed that eggs
containing parthenogens were similar to early embryonic mortality in fertilized eggs
(Santa Rosa et al., 2016a). Previously, based on macroscopic analyses, Cassar et al.
(1998b) and Parker and McDaniel (2009) reported the same in BSW turkeys and Chinese
painted quail, respectively. Therefore, it is apparent that avian parthenogens are viable
embryos capable of modifying their environment. However, avian parthenogens in most
instances lack advanced growth (Olsen, 1975; Santa Rosa et al., 2016b).
Interestingly, developing turkey parthenogenetic embryos were found to be
smaller than normal fertilized embryos. In fact, parthenogenetic embryos, from 9 through
25 d of incubation, had lower body weights and lengths as well as testes, spleen, and
thyroid weights as compared to normal embryos of the same age, and the differences in
development showed a delay of about 3 d throughout the embryonic period (Olsen,
1970). This delay in development in turn resulted in delayed hatching and most hatched
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turkey parthenogen poults were weaker than those from fertilized eggs. Further, most
mature parthenogen males have nonfunctional or underdeveloped testes; and in fact,
those with normal testes produced poor quality semen at maturity (Olsen, 1973, 1975).
However, a few turkey parthenogens have good sperm quality and have successfully
sired normal turkey poults (Figure 2.2; Cassar et al. 1998b; Olsen, 1975). But, the
majority of hatched turkey parthenogens have a shorter lifespan that averages 4 years,
and have a slower growth rate as opposed to normal turkeys. This is perhaps due to their
high degree of homozygosity resulting in the expression of lethal alleles (Olsen, 1973).
Interestingly, caenophidian snake parthenogens also exhibit developmental abnormalities,
often resulting in stillborn offspring or a reduced lifespan (Booth and Schuett, 2016).
Limiting Factors of Parthenogen Development
The most common macroscopic expression of embryonic parthenogenetic failures
in turkey eggs consists of unorganized, delicate and irregularly shaped embryonic tissues
that may be closely aggregated (1cm in diameter) or extended over the entire surface of
the yolk (http://oregonstate.edu/instruct/ans-tparth/index.html, accessed on 10/31/2017).
In Chinese painted quail, the majority of parthenogenetic failures appear as unorganized
sheets of epithelial cells confined within a germinal disc of ≤7 mm in diameter (Parker
and McDaniel, 2009; Parker et al., 2010). Multiple limiting factors could be associated
with the termination of the progressive development of parthenogenetic embryos; and
probably, it is the cumulative effect of all the limiting factors that impair their
development. Again, parthenogens exhibit a highly unorganized type of growth and are
delayed in development at lay, and thus most cannot be revived upon incubation (Olsen,
1975). Haney and Olsen (1958) found that 97.4% of the blastodiscs of fresh unfertilized
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turkey eggs underwent cleavage and that 87.2% of the blastodiscs contained nucleated
cells. However, after 9 to 10 d of incubation, only 37.3% of unfertilized turkey eggs
demonstrated some degree of development. In fact, Poole and Olsen (1958) demonstrated
that freshly laid eggs from strains of Dark Cornish chickens, which had the highest
average incidence of early cleavage, showed the highest incidence of parthenogenesis
after incubation. It is possible that cells in the more advanced stages of embryonic
development at oviposition adapt easier to standard incubation temperatures, whereas
cells in early embryonic development at lay are less likely to survive these conditions
because standard incubation temperature (37.5ºC) is less than the hen’s body temperature
(41ºC) at which early embryonic development occurs. Interestingly, Parker and McDaniel
(2009) reported that in virgin Chinese painted quail, the first egg in a clutch sequence is 2
times more likely to exhibit parthenogenesis compared to subsequent eggs in the clutch
sequence. In fact, the egg destined to be first in a clutch stays in the hen’s body 16 h
longer than subsequent eggs in the clutch (Warren and Scott, 1935). The additional time
that the first egg remains in the hen’s body could allow delayed parthenogenetic embryos
a greater opportunity for embryonic development due to increased length of exposure to
the hen’s body temperature. In addition, Cassar et al. (1998b) demonstrated that in BSW
turkeys, parthenogens with small populations of haploid cells at lay are the ones that are
likely to continue development and hatch, because those that survive beyond day 10 of
incubation are predominantly diploid.
Upon incubation, the unfavorable conditions developing within the unfertilized
egg may further prevent the progressive development of parthenogenetic embryos. Santa
Rosa et al. (2016b) demonstrated that Chinese painted quail eggs exhibiting
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parthenogenetic development have a low albumen pH from the day of lay throughout 12
days of incubation, whereas fertilized eggs at lay have a low pH, then on the second day
of incubation pH increases before a decline on the third day. Again, this low albumen pH
appears to be due to a high CO2 concentration. Also, eggs with parthenogenetic
development are heavier at set and lose less weight (water) over incubation as opposed to
eggs with no development (Wells et al., 2012; Santa Rosa et al., 2016b). So, Santa Rosa
et al. (2016b) hypothesized that the lack of moisture loss in these eggs may increase
hydration of the eggshell membrane leading to the closure of the eggshell pores, hence
blocking gas exchange and leading to the accumulation of CO2 produced by the
parthenogen, thus lowering albumen pH. In addition, parthenogenetic eggs in the early
blastula stage of development have high albumen Ca2+ and Na+ concentrations. These
high ion concentrations along with the acidification of the egg albumen may adversely
affect mitotic division during early embryonic development, leading to cessation of the
cell cycle and subsequent cellular death (Santa Rosa et al., 2016b). Therefore, the
abortive nature of the vast majority of avian parthenogens is possibly because of the
unfavorable conditions developing within the egg albumen in addition to their
unorganized and delayed development. However, some internal or external cues may
provide an organizing effect for avian parthenogenetic embryos, resulting in hatching
parthenogens.
Factors Influencing Parthenogenesis
Parthenogenesis in birds is facultative, but there is no clear evidence as to what
factors may have contributed to the transition from a complete sexual form to the
parthenogenetic form of reproduction. However, it is believed that selective adaptation to
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adverse environmental conditions may be responsible for this transition in avian species.
Some of the environmental contributing factors suggested include: quality and
availability of food, changes in day length and temperature, viral and bacterial infections,
and hormonal changes (Olsen, 1975). Even in various mammalian species, the
spontaneous activation of ovarian oocytes resulting in parthenogenetic development and
subsequent appearance of ovarian teratomas or teratocarcinomas has been described and
is postulated to be due to hormonal changes (Whittingham, 1980). In fact, ovarian
teratomas are the most common ovarian neoplasms in young women and are usually
benign in nature (Crum, 1999).
On the other hand, parthenogenesis can be artificially induced in both vertebrates
and invertebrates by a variety of physical and chemical stimuli. For example, thermal
activation can induce parthenogenetic development in the unfertilized eggs of the
silkworm (Astaurov, 1967). More recently, Phospholipase Cζ was shown to stimulate
parthenogenetic development in human oocytes to yield embryos as far as the blastocyst
stage (Rogers et al., 2004). The various factors influencing naturally occurring
parthenogenesis are discussed in detail below.
Genetic Factors
Genetic Selection for Parthenogenesis
Avian parthenogenesis is heritable as the incidence of parthenogenesis can be
increased by genetic selection for the trait (Olsen et al., 1966; Olsen, 1975; Parker et al.,
2010). In BSW turkeys, selective breeding increased the incidence of parthenogenesis
almost three-fold in five generations, from 16.7% to 41.5%. Interestingly, there was an
increase in parthenogen size as generation of selection increased. In fact, there was also
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an increase in the relative number of advanced parthenogenetic embryos from 0.2% to
11.7% (Olsen, 1965b). In Pozo Gray turkeys, genetic selection for five generations
increased the levels of macroscopically detectable parthenogenesis from 1.1% to 18.6%
(Olsen and Buss, 1967). Similar results were observed in Dark Cornish chickens where
intense genetic selection for the parthenogenetic trait increased the incidence of
parthenogenesis as well as parthenogen size (Sarvella, 1973). Furthermore, genetic
selection also increased the number of Chinese painted quail eggs exhibiting
parthenogenesis (Parker et al., 2010). In fact, the incidence, in terms of percentage of
hens exhibiting parthenogenesis, was almost doubled in four generations, from 36.5% to
68.1%. Also, genetic selection increased the percentage of eggs containing
parthenogenetic development 3-fold by the fourth generation of selection. In fact, this
increase in the incidence of parthenogenesis appears to be due to a decrease in clutch size
with genetic selection for parthenogenesis (Parker et al., 2010). As a result of a shortened
clutch sequence, more first eggs in a clutch sequence with a higher tendency to exhibit
parthenogenesis were produced (Parker and McDaniel, 2009). Moreover, as the
generation of selection increased, quail parthenogen size also increased and was almost
65% greater in the second generation as opposed to the parent generation (Parker et al.,
2010). However, as the generation of selection increased, the differences in hens
exhibiting parthenogenesis between generations became less. For example, in quail,
Parker et al. (2010) revealed that the increase in incidence of parthenogenesis was 10.9
percentage points between the parent generation and first generation, whereas the
increase was only 3.7 percentage points between the third and fourth generations.
Likewise, Olsen (1975) also revealed that in BSW turkeys the difference in incidence of
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parthenogenesis between a random population and the first generation was 9 percentage
points, whereas between generations three and four the difference was only 4.2
percentage points.
Olsen et al. (1968) hypothesized that parthenogenesis in chickens and turkeys is
controlled by a single locus, autosomal recessive gene. When birds from high and low
parthenogenetic lines were crossed, the average incidence of parthenogenesis in the
virgin progenies were intermediate with respect to the two parental strains. Further, F2
and back cross methods were used to test the hypothesis in chickens (Olsen et al., 1966;
Olsen, 1975). Following F2 and backcrosses, Chi-square analysis of deviation between
observed and expected percentage of parthenogenesis in female offspring proved to be
non-significant, confirming the autosomal recessive nature of parthenogenesis. Moreover,
Schom et al. (1982) calculated heritability of 0.24 for the parthenogenetic trait in Broad
Breasted White turkeys.
Genetic Strains and Varieties
Previous studies show that the occurrence of parthenogenesis varies with breeds,
strains, lines, and types of matings. For example, Olsen (1966b) studied the incidence of
parthenogenesis in 10 d incubated unfertilized eggs from different varieties of chickens.
In this study, Araucanas, New Hampshires, and Game chickens showed no predisposition
to parthenogenesis. White Leghorns, Barred Plymouth Rocks, and Rhode Island Reds
showed a very low incidence of parthenogenesis. However, Dark Cornish hens showed a
high incidence, with the Beltsville strain of Dark Cornish having the highest incidence
followed by the Silver Cornish. In fact, of 1,143 unfertilized eggs classified as exhibiting
parthenogenetic development, 1,136 were from the Cornish hens. In contrast to chickens,
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all the nine different varieties of turkeys tested for parthenogenesis by Olsen and
Marsden (1968) showed some degree of parthenogenesis, ranging from 3.6 to 22.4%.
Hence, turkey eggs were more predisposed to parthenogenetic development as opposed to
chicken eggs (Olsen, 1975).
Interestingly, in turkeys the type of mating, inbreeding or outbreeding, influences
the virgin progenies incidence of parthenogenesis. In fact, in BSW turkeys the incidence
of parthenogenesis as well as the percentage of macroscopically recognizable embryos
were highest for unfertilized eggs laid by daughters of inbred sires and outbred dams as
compared to daughters of inbred sires and inbred dams (Olsen, 1972). On the other hand,
Savage and Harper (1986) demonstrated that in turkeys, the selection for low semen
volume increased the incidence of parthenogenesis, probably as a means of genome
survival. Of the two lines of Medium White turkeys selected for low and high semen
volume for ten consecutive generations, the virgin birds from the line selected for low
semen volume had a significantly higher incidence of parthenogenesis for the two
generations studied. On the other hand, natural parthenogenesis has been described in
only one species of quail, Coturnix chinensis (Parker and McDaniel, 2009), and finches,
Taeniopygia guttata (Schut et al., 2008).
Age
The overall incidence of parthenogenesis and parthenogenetic embryos in young
virgin turkey hens is higher than in older hens. Also, young hens have more
parthenogenetic embryos during the first laying season as opposed to their second laying
season (Olsen, 1967b). However, laying season itself was found to have no significant
effect on the incidence of parthenogenesis (Olsen, 1968). In addition, Sarvella and
34

Gehman (1975) reported that the incidence of parthenogenesis was greater in doubleyolked eggs as opposed to single-yolked eggs. In fact, double-yolked eggs are common
among young commercial layers and broiler breeder hens during the first three months of
lay (Jaap and Muir, 1968; Harms and Abdallah, 1995). Also, young hens often have
erratic clutches resulting in smaller clutches sizes and more first eggs of the clutch
sequence (Robinson et al., 1990). As the first egg of a clutch sequence has a higher
tendency to exhibit parthenogenesis (Parker and McDaniel, 2009), it is possible that
clutch position has an effect on parthenogenesis exhibited in young hens. On the other
hand, as the hen approaches peak egg production, the number of eggs in a clutch
sequence increases, and, as a result, the incidence of parthenogenesis declines (Parker
and McDaniel, 2009).
Environmental Factors
Temperature
In mammals, low temperature storage of unfertilized eggs has been shown to
induce parthenogenetic development (Austin, 1956). But, in birds high egg storage or
incubational temperatures were shown to increase parthenogenetic development (Schom
et al., 1982; Santa Rosa et al., 2015). Schom et al. (1982) reported that storing turkey
eggs at a higher temperature (17ºC) prior to incubation resulted in a 12.1% incidence of
parthenogenesis whereas storage at 6ºC yielded only 3.2%. Likewise, Santa Rosa et al.
(2015) found that elevated storage temperature (40ºC) increased parthenogen size in
Chinese painted quail eggs. Also, elevated incubation temperature (42ºC) following
storage at 20ºC for 0-3 d increased the incidence of parthenogenesis yet lowered albumen
pH possibly due to more CO2 production by the parthenogens. However, a combination
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of higher temperature during storage (40ºC) and incubation (42ºC) inhibited
parthenogenetic development. On the other hand, egg storage temperature (20, 30, and
40ºC) was found to have no effect on the incidence of parthenogenesis when eggs were
incubated at standard temperature (Santa Rosa et al., 2015). Similarly, Sarvella (1974)
observed no differences for the incidence of parthenogenesis due to storage temperature
in chicken eggs. Eggs incubated under standard incubation temperature within an hour of
oviposition showed no differences in parthenogenetic development as compared to eggs
stored at 12.8ºC for 3 d.
Viruses
Varieties of live poultry viruses, following either natural infection or vaccination,
are known to enhance parthenogenetic development in chickens and turkeys. For
example, in Dark Cornish chicken eggs following vaccination of hens with live fowl pox
virus, the incidence of parthenogenesis was enhanced more than nine-fold as opposed to
eggs laid before vaccination. In fact, the incidence was highest in the eggs laid 30-60 d
after vaccination (Olsen, 1956). Likewise in turkeys, live fowl pox virus vaccination was
observed to increase the incidence of parthenogenesis as well as embryo size (Olsen,
1956; Olsen and Poole, 1962; Olsen and Buss, 1967). Additionally, twin, triplet, and
quadruplet parthenogenetic embryos were found in the unfertilized eggs laid by
unselected BSW turkeys recently vaccinated (Olsen, 1962b). Vaccination of parent stock
was found to even increase the number of parthenogenetic embryos observed in the eggs
of non-vaccinated progenies as compared to progenies of non-vaccinated parents, but the
level of parthenogenesis decreased as the generations without fowl pox vaccination
increased (Olsen, 1975). In contrast, Sarvella and Gehman (1975) reported that live fowl
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pox virus had no stimulating effect on parthenogenetic development following in ovo
injection into chicken eggs.
Unlike fowl pox virus, a DNA virus, RNA viruses have been found to effect only
the incidence of parthenogenesis but not on the size of the embryos. For instance,
leukosis virus following a natural outbreak of visceral lymphomatosis in white leghorn
chickens increased the incidence of parthenogenesis. As observed with fowl pox virus,
the predisposition toward parthenogenesis was transmitted from the infected hens to the
uninfected progenies, but only 4 of 17 hens acquired the potential to exhibit
parthenogenesis (Olsen, 1966c). Likewise, live Rous sarcoma virus (Olsen, 1961) and
live Newcastle disease virus (Olsen, 1975) following vaccination in turkeys increased the
number of unfertilized eggs exhibiting parthenogenetic development.
On the other hand, Olsen (1962c) demonstrated that killed virus vaccines,
Newcastle disease, fowl pox, and Rous sarcoma, had no effect on the incidence of
macroscopically detectable parthenogenesis in the unfertilized eggs laid by vaccinated
unselected BSW turkeys. Also, other components in live virus vaccines, such as tissue
and blood, were found to have no effect, thus indicating that only the live viruses were
causative agents in altering parthenogenesis. However, in ovo administration of killed
fowl pox virus vaccine into chicken eggs also had no stimulating effect on
parthenogenesis (Sarvella and Gehman, 1975).
Even though the mechanism of action of viruses on parthenogenesis is not clearly
understood, two possible modes of action can be postulated. First, the virus may have a
direct effect on the embryo. In fact, the direct action of the virus can cause fusion of the
cells (Huang et al., 1981) which may induce parthenogenetic development or may have
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an organizing effect in the eggs where parthenogenetic development has already been
initiated resulting in more advanced embryonic development. Second, the virus may have
an indirect effect on the virgin hen that then effects parthenogenetic development. The
virus may act as a stress factor and reduce egg production (Leslie, 2000), which in turn
results in shorter clutch lengths and more first-of-sequence eggs, thus resulting in a
higher incidence of parthenogenesis (Parker and McDaniel, 2009). Previously, it was
hypothesized that DNA and RNA viruses act differently; and the DNA virus, fowl pox, is
probably a potent organizer as well as a stimulant to cellular proliferation, resulting in
more developed embryos. However, both DNA and RNA viruses were suggested to have
the potential to alter the bird’s genetic material after gaining entrance into the ova where
viral DNA could alter meiotic cell divisions such that parthenogenetic development is
initiated in the ova. Further, the altered genetic material is transferred to the future
generations such that they acquire a strong predisposition to parthenogenesis (Olsen and
Buss, 1967; Olsen, 1975). However, additional research on the mechanism of action of
viruses on avian parthenogenesis is needed to make accurate conclusions.
Potential Impact of Parthenogenesis on the Poultry Industry
Recently, Parker et al. (2010) reported that genetic selection for parthenogenesis
in Chinese painted quail decreased egg production and clutch length. In fact, clutch
length appeared to affect both the incidence of parthenogenesis and egg production. As
the incidence of parthenogenesis was greatest for the first eggs in the clutch sequence
(Parker and McDaniel, 2009), a decrease in egg production due to shorter clutch
sequences increased the number of first eggs in the clutch sequence and thus, increased
the percentage of eggs exhibiting parthenogenetic development (Parker et al., 2010). A
38

similar negative correlation between parthenogenetic development and egg production
was observed by Schom et al. (1982) in Broad Breasted White turkey hens. A reduction
in egg production would result in huge economic losses to the poultry industry. As
parthenogenesis exists in the modern poultry industry (Bakst et al., 2016), it may
negatively affect egg production, resulting in economic losses. Therefore, a better
understanding of parthenogenesis could lead to economic gains in association with an
increase in egg production.
As parthenogenesis impairs hatchability and fertility (Schom et al., 1982; Parker
et al., 2012, 2014; Santa Rosa et al., 2016a), it could potentially directly impact these
parameters in the commercial poultry industry. In fact, in both males and females
selected for the parthenogenetic trait reproductive performance was negatively affected.
For instance, parthenogenetic line females lay heavier eggs and these eggs lose less
weight during incubation as opposed to unselected control line females. Both
parthenogenetic line dams and sires exhibited a lower hatchability and albumen pH as
well as a higher incidence of parthenogenesis versus control parents. Further,
parthenogenetic line males were responsible for the reduced fertility by producing a
lower number of sperm that were capable of penetrating the egg (Parker et al., 2017).
Among chickens, the Cornish breeds were found to exhibit the highest incidence of
parthenogenesis (Olsen, 1966b). Because of its breast conformation, the Cornish chicken
was used extensively to develop the modern day broiler breeder chicken (Delany,
2003).Therefore, it is possible that the parthenogenetic trait in the Cornish chicken has
been inherited by the modern day broiler breeder. Hence, it is hypothesized that fertility
and hatchability in the commercial broiler industry are currently being negatively
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impacted by the presence of parthenogenesis. However, additional research on
parthenogenesis and its impact on the reproductive performance of commercial broilers
are required to test this hypothesis.
Additionally, it has been shown that parthenogens resemble early embryonic
mortality in fertilized eggs (Olsen and Buss, 1972; Cassar et al., 1998a; Parker and
McDaniel, 2009; Santa Rosa et al., 2016a). For example, Santa Rosa et al. (2016a)
reported that in mated Chinese painted quail, parthenogens alter albumen characteristics
similar to early dead embryos from fertilized eggs. Eggs exhibiting parthenogenetic
development had a lower albumen pH, protein and O2 concentrations, yet higher CO2
concentration as opposed to infertile eggs, but they were similar to eggs with early
embryonic mortality. Interestingly, in order to distinguish parthenogens from early dead
embryos that developed from fertilized eggs in mated turkeys, genotypic sexing was used
by Cassar et al. (1998a). It was concluded that at least some early dead embryos without
W chromosomes could in fact be parthenogens. In the poultry industry, hatch residue
analysis is vital to determine fertility and hatching failures of each flock (Wilson, 1994).
Because most avian parthenogens resemble early embryonic mortality during hatch
residue analysis, it is possible that the percentage of early dead embryos reported in the
industry as well as the percentage of fertilized eggs may be inflated. The inflation in
numbers of fertilized eggs may be due to the fact that these parthenogenetic eggs are
actually a product of unfertilized eggs that fail to develop properly. This in turn warrants
additional research to confirm parthenogenetic development by identifying the genetic
makeup of early dead embryos using genotyping techniques, like microsatellite DNA
fingerprinting and amplified fragment length polymorphism (AFLP). In fact, genotyping
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is successfully used for accurate identification of parthenogens in other vertebrates, like
sharks and snakes (Chapman et al., 2007; Booth et al., 2014).
Finally, vaccination is a routine practice in the modern poultry industry,
especially live pox and Newcastle disease vaccinations. However, these live viruses are
known to enhance parthenogenetic development in poultry (Olsen, 1956, 1962b; Olsen
and Buss, 1967). Also, the effect of these viruses on parthenogenesis are transferred from
vaccinated parent generations to non-vaccinated progenies (Olsen and Buss, 1967). Even
though there is no information on the effect of current virus vaccine strains on
parthenogenesis in poultry, it is possible that the current virus strains affect the birds
similarly to that observed in the 1960’s.
Conclusion
Parthenogenesis is a naturally occurring spontaneous phenomenon in birds. Even
though most avian parthenogens are abortive in nature and the mechanism to restore
diploidy is not fully understood, it is proven that all avian parthenogens are homogametic
males with mostly diploid chromosomes. The reasons for the transition from a complete
sexual form to a parthenogenetic form of reproduction is still debatable, but certain
environmental cues, in addition to epigenetic cues, can trigger the process of
parthenogenesis. Moreover, the process of parthenogenesis has been witnessed not only
in virgin birds but also in mated birds and appears to interfere with the mechanisms of
normal fertilization and embryonic development in fertilized eggs. Therefore,
parthenogenesis may currently be adversely affecting the poultry industry. Hence, it is
imperative to have a better understanding of avian parthenogenesis in order to improve
the reproductive performance of commercial poultry and to prevent economic losses.
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With recent advances in molecular techniques, future research on avian parthenogenesis
should focus on the proximate mechanisms employed by parthenogens to restore diploidy
as well as on the reasons for the delayed and abortive development of parthenogens. This
may be accomplished by studying the differential expression of genes and other
epigenetic abnormalities, like erroneous chromatin remodeling. Using DNA-based
genotyping methods, accurate identification of parthenogens from early dead embryos
should be conducted to accurately calculate the fertility and hatchability loss in the
poultry industry due to parthenogenesis. Another key area of future research could be to
investigate the role of modern virus vaccine strains on parthenogenesis, including their
mechanisms of action. Also, even though in birds parthenogenesis is phylogenetically
widespread, most of the studies are restricted to galliformes (chickens, turkeys, and
Chinese painted quail), hence there is a need for further studies on other avian species in
order to establish the evolutionary basis of parthenogenesis in birds. In addition, these
future researches on avian parthenogenesis may enhance our knowledge of
parthenogenesis in higher vertebrates, like mammals, and may have a direct implication
on our understanding of reproductive disorders, such as ovarian teratomas as well as the
production of human stem cells.
Therefore, the current study was divided into 4 different objectives. The first
objective was to determine the minimum number of sperm required to yield maximum
fertility, the duration of fertility following male removal, and the relationship of egg
components with the number of sperm-egg penetration holes and fertility in Chinese
painted quail. The second objective was to determine if yolk, albumen, or shell weights
are altered due to the parthenogenetic trait and which parental sex contributes to these
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alterations in egg weight and egg components. The third objective was to determine if the
parthenogenetic line dam, sire, or both affects the progeny’s body weight and mortality as
well as virgin progeny’s performance and incidence of parthenogenesis. Finally, the
fourth objective was to determine the effects of live viruses on parthenogenesis.
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Figure 2.1

A schematic representation of the proposed molecular mechanism of avian
parthenogenesis- Terminal Fusion Automixis.
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Figure 2.2

Parthenogenetic development observed in Chinese painted quail and
turkeys.

Notes: (A) 10 day incubated germinal disc of Chinese painted quail exhibiting
unorganized, irregular parthenogenetic development, (B) 10 day incubated germinal disc
of Chinese painted quail with organized parthenogenetic development exhibiting an area
opaca (AO), area pellucida (AP), and periblastic ring (PR; Photo credit: Parker and
McDaniel, 2009 Parthenogenesis in unfertilized eggs of Coturnix chinensis, the Chinese
painted quail, and the effect of egg clutch position on embryonic development. Poultry
science 88(4) 784-790, by permission of Oxford University Press), (C) Parthenogenic
male turkey and (inset) newly hatched turkey poult sired by him (Photo credit: Olsen,
1975, USDA ARS).
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15,629
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chicken
375

934
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30
White turkey
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Number Number
of Hens of Eggs

6.38
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3

0.88

0

Hatched chicks 0.03

Hatched poults

Unorganized
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epithelial cells

Olsen and
Marsden,
1968; Olsen,
1975

Olsen, 1966b;
Sarvella, 1970

Based on macroscopic
examination of 10 d
incubated eggs

Bakst et al.,
2016

References

Based on macroscopic
examination of 10d
incubated eggs

Based on microscopic
examination of 8 d
incubated eggs

Most Advanced
Hatched
Incidence Stage of
parthenogens Comments
(%)
Development
(%)
Observed

A summary of parthenogenesis observed in the unfertilized eggs from different virgin avian species.
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984

White Leghorn
chicken

34

Zebra Finch

3

4000

Chinese painted
298
quail

87

1,245

Barred Plymouth
51
Rock chicken

Table 2.1 (Continued)

21

4.8

0

0.16

0

0

0

Unorganized
sheets of
epithelial cells

Irregular cell
nuclei in the
germinal disc

No development 0

Unorganized
sheets of
epithelial cells

Based on microscopic
Schut et al.,
examination of fresh eggs 2008

Parker and
McDaniel, 2009

Olsen, 1966b

Based on macroscopic
examination of 10 d
incubated eggs

Based on macroscopic
examination of 10 d
incubated eggs

Olsen, 1966b

Based on macroscopic
examination of 10 d
incubated eggs
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Pigeon

Not
Not
reported reported

Table 2.1 (Continued)

Not
reported

Fluid-filled
subgerminal
cavity
0

Based on microscopic
examination of 4-9d
incubated eggs

Bartelmez and
Riddle, 1924
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Family

Order

Chinese Phasianidae Galliformes
painted
quail
(Coturnix
chinensis)

6-8 wk

60-80%

16-17d

50g

Tsudzuki,
1994

Discovery (Parker and
McDaniel, 2009).
A heritable trait (Parker
et al., 2010).
Incubational egg weight
loss (Wells et al.,2012).
Hindrance to normal
fertilization
(Parker et al., 2012).
Influence of incubational
temperature
(Santa Rosa et al., 2015).
Parthenogens alter egg
environment as viable
embryos (Santa Rosa
et al., 2016b).
Resembles early
embryonic mortality and
inhibits fertility
(Santa Rosa et al., 2016a).

Age at
Adult
sexual
Egg
Incubation body
Recent findings on
maturity production length
weight References* parthenogenesis

Avian model of choice for developmental studies versus applied studies on parthenogenesis.

Preferred species for developmental studies

Table 2.2

50
24wk

28wk

60-80%

60-80%

21d

28d

No recent
studies
available.

http://www.aviagen
Incidence is
turkeys.com/uploads
3% (Bakst et
/2015/12/07/POBRB10_V3_ al., 2016).
BUT%2010_
BreederGoals_UK.pdf,
accessed on 2/12/2018

2.5kg http://en.aviagen.com
/assets/ Tech_ Center/Ross_
PS /Ross708-PSPO-EN-2016.pdf,
accessed on 2/12/2018

10kg

*References for age at sexual maturity, egg production, incubation length, and adult body weight.

Commercial Phasianidae Galliformes
broiler
breeders
(Gallus
domesticus)

Commercial Phasianidae Galliformes
turkey
(Meleagris
gallopavo)

Preferred species for applied studies

Table 2.2 (Continued)
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CHAPTER III
RELATIONSHIPS AMONG SPERM-EGG PENETRATION, FERTILITY, AND EGG
COMPONENTS OF CHINESE PAINTED QUAIL (COTURNIX CHINENSIS)
Abstract
Birds are known to exhibit physiological polyspermy and store sperm in the
female reproductive tract. The Chinese painted quail (Coturnix chinensis) serves as an
excellent experimental animal model for avian reproduction studies due to its small size
and rapid sexual maturity. However, information regarding the duration of fertility and
the minimum number of sperm-egg penetration (SEP) holes for maximum fertility is not
available for this species. Also, it is unknown if components of freshly laid or incubated
eggs are altered due to the number of SEP and subsequent embryonic development.
Therefore, the objectives of this study were to determine the duration of fertility
following male removal, the minimum SEP holes required for maximum fertility, and the
relationship of egg components with SEP and fertility in Chinese painted quail. We
observed that the duration of fertility was 9 d, and the minimum SEP for > 95% fertility
was ~75 holes. It appears that sustained sperm storage is very inefficient in Chinese
painted quail when compared to its close relative, the Japanese quail, and in general with
other avian species. Further, we report, for the first time, correlations between various
egg components and number of SEP and fertility. Also, it appears that embryonic
development affects egg component weights and characteristics possibly by altering
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transit time of the egg through the oviduct. To better understand the reasons for the wide
variation in SEP in the Chinese painted quail population, additional research investigating
the structure of sperm storage tubules and the mechanism of sperm release from these
tubules should be conducted.
Introduction
In the wild, Chinese painted quail (Coturnix chinensis) are found from India to
southeast China, and down into Australia. Recently, they have served as a superb
experimental animal model for avian reproduction studies due, in part, to their short
incubation interval, rapid sexual maturity and very small size (Tsudzuki 1994, Ono et al.
2005). They are the smallest of all species in the order Galliformes, as the adults weigh
~50g (Tsudzuki 1994). Moreover, they have been extensively used for research on avian
parthenogenesis (Parker and McDaniel 2009, Santa Rosa et al. 2016a) and are known to
exhibit spontaneous parthenogenesis, or embryonic development in unfertilized eggs
without any contribution from the male (Mittwoch 1978, Parker and McDaniel 2009).
Even though multiple studies on parthenogenesis have been conducted in this species,
much information on fertilization and other reproductive mechanisms of this species are
still unknown (Santa Rosa et al. 2016b).
In avian species, for a successful fertilization process, spermatozoa must fuse with
the female pronucleus within 15-30 minutes of ovulation (Howarth 1974). In part because
the fertilization window is very narrow, avian species have developed two physiological
mechanisms to enhance their chances of successful fertilization: sperm storage in the
female reproductive tract (Van Drimmelen 1946, Birkhead 1987) and polyspermy
(Harper 1904, Bobr et al. 1964).
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For sperm storage, female birds possess sperm-storage tubules (STTs) at the
utero-vaginal junction and sperm nest at the distal infundibulum, the site of fertilization
(Van Drimmelen 1946, Bobr et al. 1964, Birkhead 1987). The SSTs are the primary
sperm storage structures and allow sustained fertility in avian species even in the absence
of males (Bakst 2011). However, the duration of sperm storage in the SSTs and thereby
the duration of fertility after a single mating or artificial insemination varies with species.
In fact, the duration of fertility is strongly correlated with the number of SSTs, which in
turn is correlated with body size (Birkhead and Hunter 1990, Briskie and Montgomerie
1993). Further, the duration of fertility is up to 10 to 13 d in finches (Birkhead et al.
1989) and Japanese quail (Reddish et al. 1996), 3 to 4 wks in chickens (Brillard 1993),
and 8 to 15 wks in turkeys (Lorenz 1950). Hence, for both domesticated and nondomesticated birds, the duration of sperm storage in the female reproductive tract has
been used to develop practical strategies of reproduction (Brillard et al. 1998, Birkhead
and Brillard 2007).
In physiological polyspermy, multiple spermatozoa digest and penetrate the inner
perivitelline layer around the germinal disc area immediately after ovulation (Howarth
and Digby 1973). However, the male pronucleus of only one spermatozoon fuses with the
female pronucleus of the ovum (Howarth and Digby 1973, Okamura and Nishiyama
1978), and the remaining excess spermatozoa undergo degradation by DNase activity
(Stępińska and Olszańska 2003). Immediately after fertilization, the outer perivitelline
layer is formed around the ovum, trapping many sperm and preventing any additional
sperm entry (Wishart 1987). Estimation of the number of holes caused by the penetration
of spermatozoa through the inner perivitelline layer (Sperm-egg penetration, SEP) and
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the number of spermatozoa trapped on the outer perivitelline layer are the best indicators
to determine true fertility (Birkhead and Fletcher 1994). In fact, there is a positive
correlation between SEP and the number of spermatozoa trapped on the outer
perivitelline layer (Birkhead and Fletcher 1994). Moreover, a minimum number of sperm
must penetrate the germinal disc area to ensure maximum fertility. For instance, in
chickens, a minimum of 30 SEP/1.35 mm2 germinal disc area is required to attain >95%
fertility (Bramwell et al.1995). Further, in Japanese quail, the minimum number of
spermatozoa trapped on the outer perivitelline layer to ensure >95% fertility was 3/mm2
of the germinal disc (Santos et al. 2013).
In a comparative study of 27 species of birds, including both passerine and nonpasserine birds, Birkhead et al. (1994) reported a positive correlation between SEP, ovum
size, and body mass. Additionally, recent findings in zebra finches and domestic fowl by
Hemmings and Birkhead (2015) suggest that the intensity of SEP is related to embryo
survival during the early stages. However, it is unknown if any other components of
freshly laid or incubated eggs, such as albumen and shell, are altered due to the intensity
of SEP and subsequent embryonic development. Moreover, the absence of sperm-egg
interactions occasionally leads to avian parthenogenesis which is usually abortive in
nature (Mittwoch 1978, Ramachandran and McDaniel 2018). However, Chinese painted
quail parthenogens are known to alter albumen characteristics similar to early fertilized
embryos (Santa Rosa et al. 2016a, b); therefore, the intensity of SEP may yield changes
in other egg components as well. Additionally in mated Chinese painted quail, Santa
Rosa et al. (2016b) reported a wide variation in SEP, ranging from 0 to 2000 sperm holes.
However, the minimum number of spermatozoa required to ensure fertilization are
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unknown for this species. Therefore, the objectives of the present study were to
determine 1) the minimum SEP holes required to yield maximum fertility 2) the duration
of fertility following male removal, and 3) the relationship of egg components with the
number of SEP and fertility in Chinese painted quail.
Materials and Methods
Housing and Egg Collection
A random breeding population of Chinese painted quail were used in this study.
From hatch until 4 wk of age, both males and females were brooded together and were
fed a commercial quail starter diet ad libitum. At 4 wk of age, when male plumage was
visible and prior to sexual maturity, females were separated from the males and placed
into colony cages. Beginning at 4 wk of age, both males and females were fed a
commercial quail breeder diet ad libitum and were exposed to 17 h of light. At 6 wk of
age, females were moved to individual cages to monitor their egg production; and once
they started laying, females were housed with males in individual cages (single mating
pairs). A total of 60 breeding pairs were used. Daily, fresh eggs were collected, labeled,
and weighed. On alternate days, fresh eggs were subjected to SEP analysis and incubated
eggs were subjected to fertility analysis. After obtaining 3 eggs of SEP per breeding pair,
males were removed. Next, to estimate the duration of fertility following male removal,
SEP and fertility analyses were continued until SEP was 0 holes (infertile) for 3
consecutive eggs (Santos et al. 2013).
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Egg Component and Sperm-Egg Penetration (SEP) Analysis
A total of 456 eggs from 60 breeding pairs were subjected to SEP analysis. As
fresh eggs were broken open for SEP analysis, albumen pH was determined using pH
strips (Parker et al. 2017), and albumen height was determined using a tripod micrometer
(Benton et al. 2001). In addition, total egg weight, and yolk, and shell weights, as well as
shell thickness, were measured (Ramachandran et al. 2018). Albumen weight was
calculated by subtracting yolk and shell weights from total egg weight. To determine
percentage albumen solids, albumen, following separation, was weighed before and after
drying in an electric oven at 110ºC for 24 h (Ahn et al. 1997). To perform SEP analysis,
the perivitelline layer was processed as described by Santa Rosa et al. (2016b), and the
number of sperm holes were counted in a 1.35 mm2 area surrounding the germinal disc
using a light microscope at 40x magnification.
Fertility Analysis
To examine embryonic development, 532 eggs from 60 breeding pairs were
incubated at 37.5ºC and 50% relative humidity. At 10 days of incubation, eggs were
candled; eggs that were clear or showing little to no embryonic development, were
broken open to determine if they were fertilized. Further, because a few egg shells were
very dark at candling, making it difficult to discern embryonic development, hatch
residue analysis was also performed to determine whether the eggs that failed to hatch
were fertilized (Parker et al. 2017).
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Statistical Analysis
Data were analyzed as a completely randomized design using SAS version 9.4
(Henley 1983). Population distribution of SEP before male removal was determined, for
individual eggs as well as for hen averages. SEP and fertility means for each day postmale removal were determined, and regression analyses were used to examine the
relationships of SEP and fertility with days following male removal. Next, the duration of
fertility following male removal and the minimum number of sperm required for
maximum fertility were determined. Correlation analyses were used to examine the
relationships of egg components with the number of SEP holes and fertility.
Results
Population Distribution of SEP Prior to Male Removal
Prior to male removal, the population distribution of SEP holes in individual eggs
was skewed greatly to the right and ranged from 0-1900 holes with a median of 72 and a
mean of 192 ± 293 (Figure 3.1A). Additionally, great variation was also seen in the SEP
population distribution for hen averages which ranged from 0-977 holes with a median of
105 and a mean of 181 ± 224 (Figure 3.1B).
Relationship between SEP and Fertility Post-Male Removal
A quadratic decline in SEP over days post-male removal was obtained, beginning
at 275 SEP holes and declining to 0 holes by 9 d (R2= 0.84, P = 0.001; Figures 3.2A and
3.3). However, fertility declined linearly over days post-male removal, beginning at
100% and reaching 0% by 9 d (R2= 0.90, P < 0.001; Figure 3.2B). Hence, the duration of
fertility following male removal was 9 d. Further, a positive quadratic relationship
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between SEP and fertility existed, such that fertility showed a linear increase initially and
reached a maximum as SEP increased, but beyond 75 SEP holes there was no substantial
increase in fertility (R2= 0.70, P = 0.01; Figure 3.2C). Therefore, the minimum SEP for >
95% fertility was ~75 holes in Chinese painted quail.
Relationship of Egg Components with SEP and Fertility
The relationships of egg components with SEP and fertility are presented in
Figures 4 and 5. Positive linear correlations were observed for egg weight (r=0.13, P =
0.09; Figure 3.4A), yolk weight (r=0.16, P = 0.04; Figure 3.4B), and albumen height
(r=0.20, P = 0.01; Figure 3.4C) with SEP. A quadratic decline was observed for
percentage albumen solids with SEP (r=0.35, P =0.04; Figure 3.4D). Further, fertility
showed a positive quadratic correlation with egg, yolk, albumen, and shell weights and a
positive linear correlation with shell thickness (Figure 3.5).
Discussion
In the current study, it was found that in Chinese painted quail, the duration of
fertility following male removal was 9 d and the minimum number of sperm-egg
interactions required to insure maximum fertility was 75 sperm holes. It appears that
Chinese painted quail have a shorter duration of fertility and require more sperm to
penetrate the germinal disc area for a successful fertilization compared to other avian
species in the same family, such as chickens and Japanese quail (Bramwell et al.
1995,Santos et al. 2013). Chickens require a minimum of 30 sperm holes/1.35 mm2
around the germinal disc in the inner perivitelline layer and Japanese quail require a
minimum of 3 sperms/mm2 on the outer perivitelline layer of the germinal disc to insure
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>95% fertility (Bramwell et al. 1995, Santos et al. 2013). Moreover, in chickens and
Japanese quail the number of sperm trapped in the outer perivitelline layer was correlated
with the sperm holes in the inner perivitelline layer (Birkhead and Fletcher 1994, Wishart
1997). Previously, Bakst et al. (2010) hypothesized that the duration of fertility is
associated with the number of SSTs, and that a greater number of SSTs result in greater
storage space and a slower daily release of sperm. In fact, the number of SSTs in the
utero-vaginal junction varies between species (Birkhead and Hunter 1990, Bakst et al.
2010) and is positively correlated with body size (Briskie and Montgomerie 1993). For
instance, on average, zebra finches have 1,500, broiler breeder chicken hens have 4,900,
and turkeys have 30,600 SSTs (Birkhead and Hunter 1990, Bakst et al. 2010). The greater
body size of turkeys is probably responsible for the greater number of SSTs, allowing for
longer sperm storage, and thus a longer duration of fertility compared to other smaller
avian species (Holt and Fazeli 2013). Because adult Chinese painted quail hens weigh
only 50 g (Tsudzuki 1994), it is likely they have less SSTs opposed to chickens and
turkeys. This makes sustained sperm storage very inefficient in Chinese painted quail
hens. Another plausible explanation for the shorter sperm storage in Chinese painted
quail could be the release of an excessive number of sperm from the SST, because they
require a large number of sperm to ensure fertilization as opposed to chickens and
Japanese quail (Bramwell et al. 1995, Santos et al. 2013). However, additional research
investigating the distribution and number of SSTs and the mechanism of sperm release
from SSTs are required to confirm why this species requires more sperm to ensure
fertilization.
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In addition, in the present study, the population distribution of SEP showed a
wide variation, ranging from 0-1900 for individual eggs and 0-977 for hen averages.
Recently, a similarly wide variation in SEP was reported by Santa Rosa et al. (2016b) in a
random bred population of Chinese painted quail as well as those selected for
parthenogenesis. It appears that this wide variation in SEP holes is probably due to their
inefficiency for sustained sperm storage and their requirement of a large number of sperm
to attain fertilization. Moreover, both virgin and mated Chinese painted quail hens are
known to exhibit parthenogenesis (Parker and McDaniel 2009, Parker et al. 2012). Again,
parthenogenesis is embryonic development that occurs without SEP or any participation
of the male (Mittwoch 1978). It is possible that in Chinese painted quail, parthenogenesis
was adopted as an alternative mode of reproduction for the existence of the species,
because their sustained sperm storage is very inefficient. In the absence of a male, they
may deplete spermatozoa quickly and hence, there is a need for an alternative form of
reproduction.
In the current study, several correlations among egg components, SEP and
fertility were obtained. For example, egg weight and yolk weight were positively
correlated with SEP and fertility. This is in agreement with observations by Birkhead et
al. (1994) in 27 different species of birds. It is possible that greater distention of the
infundibulum caused by a larger ovum size may lead to a greater number of sperm
penetrating the egg at the infundibulum and ultimately a larger egg weight (Romanoff
1943). Further, there exists a positive correlation between SEP and fertility, as the
number of sperm penetrating the germinal disc area increases, there is a greater chance of
a successful fertilization (Wishart 1997). Following a successful fertilization after SEP,
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oviductal embryonic development may initiate the utilization of albumen proteins (Qiu et
al. 2012) and was probably responsible for the quadratic decline in percentage albumen
solids (protein) with increasing SEP. Also, a greater ovum size is known to cause a
greater distention of the uterus (Nakada and Koga 1990), thus stimulating a greater
secretion of plumping fluid by the uterus (Palmer and Guillette Jr. 1991) which might
have diluted the albumen protein concentration, and thus, caused a further decline in
percentage albumen solids. Furthermore, the developing embryo could influence other
albumen characteristics as well. For instance, there exists a positive association between
SEP and albumen height as well as fertility and albumen weight. Interestingly, quail
parthenogens, which are viable embryos, appear to alter the transit time of the egg
through the oviduct, allowing a longer stay in the magnum and uterus, thus, resulting in
greater albumen and shell secretions, respectively (Ramachandran et al. 2018). Similar to
quail parthenogens, possibly normal fertilized embryos in the current study, also
increased the egg transit time in the magnum resulting in a greater albumen weight.
Additionally, an increased amount of plumping fluid from the uterus might have further
contributed to increased albumen weight (Palmer and Guillette Jr. 1991). Fertility was
found to have a positive association with shell weight and thickness. This is also possibly
due to an altered egg transit time through the oviduct induced by the embryo, resulting in
a longer stay in the uterus and, thus, yielding greater shell secretions (Ramachandran et
al. 2018).
In conclusion, in Chinese painted quail, the duration of fertility following male
removal was found to be 9 d, and the minimum SEP for > 95% fertility was ~75 holes
around the germinal disc area. It appears that Chinese painted quail have a shorter
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duration of fertility and require more SEP to attain maximum fertility when compared to
other galliform species. It is possible that because such a large number of sperm are
required to ensure fertilization, that with each ovulation, the hen may release an excessive
number of sperm from the SSTs, making sustained sperm storage very inefficient.
Additional research on the number of SSTs and the mechanism of sperm release from the
SSTs in this species are required to confirm our hypothesis. Further, various egg
components were found to be correlated with intensity of SEP and fertility. Larger ovum
size may lead to greater distention of the infundibulum and greater SEP, and ultimately a
larger egg weight. Following SEP, oviductal embryonic development may initiate the
utilization of albumen proteins and influence albumen characteristics as early as lay. It is
also possible that embryonic development affects egg component weights and
characteristics by altering transit time of the egg through the oviduct.
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Figure 3.1

Sperm-egg penetration population distribution prior to male removal.

Notes: A. Population distribution for individual eggs with sperm-egg penetration ranging
from 0 to 1900 with a mean of 192 ± 293 and a median of 72 sperm holes. B. Population
distribution for hen means with sperm-egg penetration ranging from 0 to 977 with a mean
of 181 ± 224 and a median of 105 sperm holes.
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Figure 3.2

Relationship between sperm-egg penetration (SEP) and candling fertility
following removal of male.

Notes: A. A quadratic decline in SEP following male removal and approaches 0 sperm
holes by 9d (y = 2.30x2 - 53.85x + 228.98, R2= 0.84, P = 0.001). B. Linear decline in
candling fertility following male removal and reaches 0% fertility by 9d (y = -10.88x +
111.62, R2= 0.90, P < 0.001). C. A quadratic increase in fertility as SEP increases from 0
sperm holes (y = -0.0024x2 + 0.897x + 26.115, R2= 0.70, P = 0.01) to 75 sperm holes,
and the minimum SEP required for >95% fertility is ~75 sperm holes.
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Figure 3.3

Sperm penetration through the perivitelline layer surrounding the germinal
disc of eggs laid on days following male removal.

Notes: A. Numerous sperm holes on the perivitelline layer on day 1 after male removal.
B. A decline in sperm holes around the germinal disc area on day 4 after male removal.
C. Very few sperm holes on the perivitelline layer on day 7 post-male removal. D. No
sperm holes around the germinal disc area on day 9 post-male removal. White dots are
sperm holes where light from the microscope passes through the perivitelline layer. The
dark circle is the center of the germinal disc.
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Relationship of egg components with sperm-egg penetration (SEP).

Notes: A. A positive linear relationship exist between total egg weight and SEP (y = 7E-05x + 5.26, r= 0.13, P=0.09). B. A
linear increase in yolk weight was observed with increase in SEP (y = 8E-05x + 1.60, r =0.16, P=0.04). C. There is a positive
linear relationship between albumen height and SEP (y = 9E-05x + 4.1449, r =0.20, P=0.01). D. A quadratic decline in
percentage albumen solids observed with increase in SEP (y = 5E-06x2 - 0.0043x + 12.894, r =0.35, P=0.04).

Figure 3.4
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Relationship of egg components with fertility.

Notes: A. There was a positive quadratic relationship for total egg weight with fertility (y = -0.0001x2 + 0.022x + 4.52,
r= 0.47, P=0.01). B. A positive quadratic relationship exist between yolk weight and fertility (y = -4E-05x2 + 0.0063x + 1.41,
r =0.36, P=0.05). C. A positive quadratic relationship exist between albumen weight and fertility (y = -9E-05x2 + 0.014x +
2.765, r =0.40, P=0.05). D. A positive quadratic relationship exist between shell weight and fertility (y = -2E-05x2 + 0.0024x+
0.3438, r =0.50, P=0.01). E. A positive linear relationship exist between shell thickness and fertility (y = 0.0001x + 0.13,
r=0.34, P=0.005).

Figure 3.5
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CHAPTER IV
ROLES OF THE SIRE AND DAM QUAIL IN EGG, YOLK, ALBUMEN, AND
SHELL WEIGHT ALTERATIONS DUE TO THE
PARTHENOGENETIC TRAIT
{Ramachandran R, Nascimento dos Santos M, Kawaoku AJT & McDaniel CD.
2018. Roles of the sire and dam quail in egg, yolk, albumen, and shell weight alterations
due to the parthenogenetic trait. Theriogenology 118:103-109,
https://doi.org/10.1016/j.theriogenology.2018.05.026}
Abstract
Infertile eggs from Chinese Painted quail exhibit parthenogenesis, and the first
egg in a clutch sequence is more likely to develop a parthenogenetic embryo. Also, hens
that exhibit parthenogenesis have shorter clutches and heavier egg weights. These larger
eggs may be a result of the egg residing in the oviduct longer, allowing more time for the
parthenote to develop. However, it is unknown which components of the egg are altered
due to the parthenogenetic trait, or the role of dams and sires from the parthenogenetic
line of quails in these alterations. Therefore, the objective in this study was to determine
if the parthenogenetic trait in dams, sires, or both contributes to alterations in egg
components, such as yolk, albumen, and shell weights. Two selected lines of quail, one
line selected for parthenogenesis and one line that was unselected for the parthenogenetic
trait (control), were utilized in a 2 x 2 factorial arrangement of dam and sire lines to
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create 4 breeding treatments: control dams + control sires (CC), control dams +
parthenogenetic sires (CP), parthenogenetic dams + control sires (PC), parthenogenetic
dams + parthenogenetic sires (PP). Daily, fresh eggs were collected, labeled, weighed,
and the germinal disc was classified as fertile, unfertilized without development, or
parthenogenetic. Yolk, albumen, and shell weights were obtained, and their weights were
also calculated as percentages of total egg weight. A dam main effect revealed heavier
weights for total egg, yolk, albumen, and shell as well as a larger percentage of albumen
and ratio of albumen to yolk in parthenogenetic line dams versus control line dams.
However, the percentage of yolk was higher for control than parthenogenetic line dams.
The increase in total egg and albumen and shell component weights due to the
parthenogenetic trait suggests that the transit time of the egg through the oviduct is
altered. Perhaps transit through the magnum and uterus is delayed the most, yielding
greater albumen and shell weights, respectively.
Introduction
Parthenogenesis is the embryonic development in an unfertilized egg and was
reported in Chinese Painted quail by Parker and McDaniel [1]. Parthenogenesis is
thought to occur due to either the recombination or reunion of the second polar body with
the egg nucleus or the absence of meiosis II [2]. However, most avian parthenogenesis is
an abortive form of development [2]. In fact, parthenogenetic embryos are only at the
early blastula stage of development when the egg is laid [3] and require 2 additional days
of incubation as compared to the normal embryo from a fertilized egg [2]. Interestingly,
the first egg in a clutch sequence is 2 times more likely to exhibit parthenogenesis versus
subsequent eggs in the clutch sequence [1]. Additionally, Warren and Scott [4] reported
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that the egg destined to be first in a clutch stays in the hen’s body 16 h longer than
subsequent eggs in the clutch. The additional time that the first egg remains in the hen’s
body could allow parthenotes a greater opportunity for embryonic development due to
increased length of exposure to the hen’s body temperature.
In chickens, Robinson et al. [5] reported that the first egg in a clutch sequence
weighed more at lay than subsequent eggs in the clutch. In parthenogenetic line virgin
Chinese painted quail, Wells et al. [6] reported that the eggs exhibiting parthenogenesis
were heavier at set than the eggs with no development. Again, perhaps the larger egg size
reported by Wells et al. [6] and Robinson et al. [5] was a result of slower transit time in
the hen’s body, because it has been reported that the first egg in a clutch sequence stays
in the hen’s body longer [4]. The additional time that the parthenote remains in the hen’s
body could perhaps relate to an extended period in the uterus and therefore more time for
shell secretion. Also, it is possible that as the parthenote develops within the oviduct, it
modifies the formation of the albumen in the magnum, resulting in heavier eggs at lay.
In fact, in parthenogenetic line virgin and mated quail, Santa Rosa et al. [7,8]
reported that eggs containing parthenotes are capable of altering the ionic composition of
albumen within the egg and that these alterations are similar to fertilized eggs[8]. For
example, the parthenote utilizes O2 from the egg’s albumen and then releases CO2 into
the albumen. As a result, eggs exhibiting parthenogenesis have a low pH. In addition,
Parker et al. [9] reported that both dams and sires selected for parthenogenesis were
responsible for this lower fresh egg albumen pH.
As parthenogens alter albumen ionic concentration similar to fertilized eggs [8] it
is also possible that other internal components of the egg such as yolk, albumen, and shell
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weights are altered due to parthenogenesis. In fact, Parker et al. [9] reported that both
dams and sires selected for the parthenogenetic trait negatively impact reproductive
performance by altering egg set weight, albumen pH, sperm-egg penetration, and fertility.
Therefore, parthenogenetic line dams, sires, or both may have an impact on the internal
components of eggs exhibiting parthenogenesis. The objective of the present study was to
determine if yolk, albumen, or shell weights are altered due to the parthenogenetic trait
and which parental sex contributes to these alterations in total egg and egg component
weights.
Materials and Methods
Housing and Care
In this trial, Chinese Painted quail consisted of a random breeding stock (control)
and a line selected for the parthenogenetic trait [10] over 10 generations of genetic
selection. For the parthenogenetic and control line of quail, both sexes were brooded
together from hatch until 4 wk of age. At 4 wk of age, when male plumage was visible
and prior to sexual maturity, females from both lines were separated from the males and
placed into colony cages. At 6 wk of age, females from the parthenogenetic line of quail
were moved into individual cages to monitor their incidence of parthenogenesis. The
quail chicks in this trial were fed a commercial starter diet (DuMor® Chick Starter, 24%
Crude protein and 2.5% crude fat) until 4 wk of age. Beginning at 4 wk of age, females
and males from both lines of quail were fed a commercial breeder diet ad libitum and
were exposed to 17 h of light. Birds were treated in accordance with the Guide for Care
and Use of Laboratory Animals [11].
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Egg Collection for Parthenogenetic Virgins
To determine each virgin hen’s incidence of parthenogenesis, eggs were collected
daily, labeled, and then incubated for 10 d at 37.5°C and 50% relative humidity. At 10 d
of incubation, eggs were broken open to determine the existence of parthenogenesis using
a 2 x magnifying lamp [1].
Parthenogenetic Line Virgin Quail Selected for Mating and Treatment
Combinations
After each virgin hen laid 20 eggs, their incidence of parthenogenesis was
calculated prior to selection for mating. If the incidence of parthenogenesis from the
virgin hens ranged from 20-40%, they were used for mating purposes. Selection of the
parthenogenetic line males used for mating was based on their sister’s incidence of
parthenogenesis as virgins, which also ranged from 20-40%. There were 4 breeding pair
treatments: control line dam with control line sire (CC); control line dam with
parthenogenetic line sire (CP); parthenogenetic line dam with control line sire (PC); and
parthenogenetic line dam with parthenogenetic line sire (PP). There were 12 breeding
pairs in each treatment group, so that a total of 48 breeding pairs were used in this study.
Fresh Egg Components Examined
After breeding pairings were determined, fresh eggs were collected daily and each
egg was individually labeled and weighed (n=768). Total egg weight as well as yolk,
albumen, and shell weights were determined for each egg. For yolk, albumen, and shell
weights, each variable’s weight was also calculated as the percentage of total egg weight.
Additionally, the ratio of albumen to yolk was calculated by dividing albumen by yolk
weight. When fresh eggs were broken open, the germinal disc was examined using a 2 x
86

magnifying lamp [1] to determine if the germinal disc was fertilized, unfertilized without
development, or exhibiting parthenogenesis [8]. Eggs classified as fertile exhibited an
area opaca, area pellucida, and a periblastic ring while eggs exhibiting parthenogenesis
appeared as dense layers of tissue covering the germinal disc. For eggs classified as
unfertilized, no visible embryonic development was present (see Parker and McDaniel
[1]). Also, for further validation of eggs exhibiting parthenogenesis, albumen pH was
measured, because eggs with parthenotes have a lower albumen pH as compared to
unfertilized eggs without development [7]. Further, early dead embryos were
differentiated from parthenotes by the germinal disc size; parthenotes measure 7 mm or
less in diameter with very little differentiation compared to early dead embryos from
fertilized eggs [12]. Because most parthenotes at oviposition appeared as unorganized
and undifferentiated sheets of epithelial cells covering the germinal disc area, the
embryos were not staged according to the Hamburger and Hamilton procedure [13].
Statistics
A 2 dam (C and P) x 2 sire (C and P) factorial arrangement of treatments was
utilized in this study. Data were analyzed as a completely randomized design with each
parental pairing serving as the experimental unit. After making each parental pairing,
breeding pair means were determined for total egg weight, different egg components and
germinal disc classification. When a global P ≤ 0.10 appeared, means were separated
using Fisher’s protected least significant difference with α set at 0.05 [12].
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Results
When averaged across all egg classifications (fertilized, unfertilized without
development, and parthenogen), there were dam main effects for total egg, yolk,
albumen, and shell weights (Fig. 4.1A). The dams from the parthenogenetic line had the
heaviest egg, yolk, albumen, and shell weights as compared to the control line dams
(P<0.0001, 0.05, <0.0001, and 0.005, respectively). No differences due to the sire line
were detected for egg (P=0.94), yolk (P=0.55), albumen (P=0.67), and shell weights
(P=0.60; Fig. 4.1B). When examining albumen (P=0.005) and yolk (P=0.006) weight
expressed as a percentage of total egg weight, the dam main effect revealed that the
parthenogenetic line dams had a higher percentage of albumen yet a lower percentage of
yolk as opposed to the control line dams (Fig. 4.2A and B). However, there were no
differences due to the sire line for albumen (P=0.46) and yolk (P=0.50) weights when
expressed as a percentage of total egg weight (Fig. 4.2A and B, respectively). There was
also a dam main effect for the ratio of albumen to yolk (Fig. 4.3). The dams from the
parthenogenetic line of birds had a greater ratio of albumen to yolk as opposed to the
control line of dams (P=0.005), but no differences were detected for the sire line for the
ratio of albumen to yolk (P=0.37).
The differences in the egg components of fresh eggs that were classified as
exhibiting parthenogenesis, fertile, or unfertilized without development are presented in
Table 4.1. When examining total egg, yolk, and albumen weights, fresh eggs that were
classified as containing parthenogens or as fertile weighed more than eggs without
development (P=0.005, 0.005, and 0.04, respectively). However, shell weight was
greater for eggs exhibiting parthenogenesis as opposed to those that were fertile or
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without development (P=0.028). Furthermore, fertile eggs and eggs without development
exhibited similar shell weights. However, the percentage of shell was higher for eggs
without development as compared to fertile eggs, yet similar to eggs exhibiting
parthenogenesis. Further, the percentage of shell was similar between eggs exhibiting
parthenogenesis and fertile eggs (P=0.051). The ratio of albumen to yolk was higher in
eggs exhibiting parthenogenesis as opposed to fertile eggs, yet similar to eggs without
development (P=0.062). However, the ratio of albumen to yolk was also similar between
fertile eggs and eggs without development.
Dam and sire effects for percentage of yolk for eggs classified as fertilized,
unfertilized without embryonic development, or containing parthenogenesis are presented
in Table 4.2. For parthenogenetic line dams, percentage yolk from every type of fresh egg
was lower as opposed to eggs from the control line dams. Also, the parthenogenetic line
sires had a lower percentage yolk for unfertilized eggs without development (P=0.0006)
and parthenogenetic eggs (P=0.007), however a higher percentage of yolk for fertilized
eggs (P=0.0006) as opposed to control line sires. In addition, there was a dam by sire
interaction for percentage of yolk in eggs exhibiting parthenogenesis (P<0.0001). The
percentage of yolk for parthenogenetic eggs was higher for CC as compared to CP, PC,
and PP eggs. However, there were no differences in percentage yolk of parthenogenetic
eggs for CP, PC, and PP.
Dam and sire effects for percentage of albumen and ratio of albumen to yolk for
eggs classified as fertilized, unfertilized without embryonic development, or containing
parthenogenesis are presented in Tables 4.3 and 4.4, respectively. The percentage of
albumen and ratio of albumen to yolk for each type of egg was higher for parthenogenetic
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line dams as opposed to control line dams. In unfertilized eggs without development and
parthenogenetic eggs, parthenogenetic line sires had a higher percentage of albumen and
albumen to yolk ratio, whereas in fertilized eggs parthenogenetic line sires had a lower
percentage of albumen and albumen to yolk ratio as opposed to control line sires. Also,
there were dam by sire interactions for percentage albumen and ratio of albumen to yolk
in parthenogenetic eggs. In parthenogenetic eggs, the percentage albumen and ratio of
albumen to yolk was lower for CC as compared to CP, PC, and PP. However, there were
no differences in percentage albumen and ratio of albumen to yolk of parthenogenetic
eggs for CP, PC, and PP. In addition, a dam by sire interaction for percentage of albumen
in unfertilized eggs without development revealed higher values for PP as compared to
CC and CP, that were similar to PC.
Discussion
In the current study, it appears that the dam from the parthenogenetic selected line
had the greatest impact on fresh egg components. For example, total egg weight as well
as yolk, albumen, and shell weights were greater for dams selected from the
parthenogenetic line of birds as opposed to control line dams. Recently, a similar effect
on egg total weight was reported by Parker et al.[9]. Quail selected for the
parthenogenetic trait have shorter clutches [10] that result in more first eggs in a clutch as
compared to dams from the unselected line. Interestingly, Warren and Scott [4] reported
that ova destined to be the first egg in a clutch are retained in the hen’s ovary 16 h longer
than subsequent ova. In addition, Warren and Scott [15] reported that the interval
between laying of successive eggs was due to variation in time spent in the uterus,
possibly with first eggs in a clutch spending more time in the uterus, yielding additional
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shell formation, and thus, heavier shell weight [16]. In the current study, the
parthenogenetic line dams lay more first eggs in a clutch, which are likely held longer in
the hen’s body and thus yield heavier yolks, and therefore eggs, when compared to
control line dams. However, in the current study it is possible that the eggs from the
parthenogenetic line dams are held longer in the magnum as well as uterus allowing for
more albumen secretion and shell formation, respectively. This would yield greater
albumen and shell weights for parthenogenetic line dams as opposed to control line dams.
Also, it is possible that the heavier yolks might have caused a greater distention of the
uterus [17], thus stimulating a greater secretion of plumping fluid by the uterus and
further contributing to the greater albumen weight [18]. Again, because parthenogens are
delayed in development [2], the extra time in the hen’s oviduct will allow parthenogens
more time for embryonic development at body temperature and therefore a greater likely
hood of detection at lay and survival during incubation.
Additionally, not only do parthenogenetic line dams exhibit greater shell weight
but also all eggs exhibiting parthenogenesis have higher shell weights as compared to
fertile eggs and unfertilized eggs without development. Again, it is possible that due to
position of the egg in clutch parthenogenetic eggs are held longer in the uterus allowing
for more shell formation, resulting in higher shell weight as opposed to fertile eggs and
unfertilized eggs without development. In fact, Sarvella and Gehman [19] reported that
the incidence of parthenogenesis was also greater in double-yolked eggs, which are held
in the uterus longer for adequate shell formation [20], as compared to single-yolked eggs.
It is also possible that developing parthenogens within the oviduct increase transit time of
the egg through the oviduct, allowing more time for shell formation in the uterus.
91

Perhaps, the higher shell weight in parthenogenetic eggs leads to less egg weight loss
during incubation. This could possibly explain why eggs from parthenogenetic line virgin
quails containing parthenogens lose less weight over incubation relative to eggs with no
development [6].
In the current study, heavier egg weights for the parthenogenetic line dams could
also be due to the higher albumen weight expressed as a percentage of total egg weight
when compared to the control line dam. In fact, when examining the ratio of albumen to
yolk, the parthenogenetic line dams had a higher ratio than did the control line dams. This
strongly suggests that eggs from the parthenogenetic line dams are held longer in the
magnum resulting in greater albumen secretion. In fact, percentage albumen and ratio of
albumen to yolk were higher for parthenogenetic line dams for every type of fresh egg
(fertilized, unfertilized without development, or parthenogen). Additionally,
parthenogenetic line dams and sires have lower fresh egg albumen pH than control line
dams and sires [9]. It is possible that the eggs exhibiting viable parthenogenetic embryos
in the magnum alter albumen pH. Moreover, fertilized embryos were reported to lower
albumen height in fresh as well as incubated broiler eggs as compared to unfertilized
eggs, possibly due to embryonic ammonia production [21]. This clearly suggest that very
early embryonic development is capable of modifying albumen. Hence, it is possible that
viable parthenogens alter the rate of albumen secretion by the magnum resulting in a
larger percentage of albumen. Again, perhaps in parthenogenetic line dams the transit
time through the oviduct is longer due to multiple first eggs in a clutch [9] resulting in
eggs remaining in the magnum longer allowing for more albumen secretion. In addition,
an increased volume of plumbing fluid from the uterus due to distention of the uterus for
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a longer period might also be responsible for this larger percentage of albumen [18].
Also, this increase in albumen secretion could explain why the parthenogenetic line dams
had a lower percentage of yolk expressed as total egg weight.
In the current study, egg, yolk, and albumen weights were similar for eggs
exhibiting parthenogenesis and fertile eggs. Santa Rosa et al. [8] reported that albumen
ionic characteristics of eggs exhibiting parthenogenesis were also similar to that of eggs
with early dead embryos. In addition, fertilized eggs over incubation lower albumen pH
[22] and proteins [23] as compared to unfertilized eggs. Hence, it appears that embryonic
development, whether due to parthenogenesis or fertilization, impacts egg formation
because egg, yolk and albumen weights for these eggs were heavier than those from
unfertilized eggs without development.
Additionally, dam by sire interactions for percentage of yolk, percentage of
albumen, and ratio of albumen to yolk were observed in eggs exhibiting parthenogenesis.
The percentage of albumen and ratio of albumen to yolk were lower for CC as opposed to
CP, PC, and PP eggs. This suggest that presence of the parthenogenetic trait, in either the
dam or sire, impacts the rate of albumen secretion in the magnum. This effect of the
parthenogenetic trait may be due to parthenogen size. Parker et al. [1] reported an average
parthenogen size of 3.7 mm in unselected, control, virgin Chinese painted quail. Further,
in Chinese painted quail following genetic selection, average parthenogen size increased
to 5 mm by generation 2 [10]. In the current study, Chinese painted quail intensely
selected for the parthenogenetic trait for over 10 generations were used that yield an
average parthenogen size >5 mm. Interestingly, Santa Rosa et al. [7] reported that in
parthenogenetic line virgin quail as parthenogen size increased, albumen pH, O2, and Cl93

concentrations decreased, whereas CO2 and Ca2+ concentrations increased. Hence, it is
possible that larger parthenogens alter albumen the most and hence increase transit time
in the magnum and albumen secretion rate. The CC breeding pairs in the current study
involved birds unselected for the parthenogenetic trait. Therefore, it is likely that average
parthenogen size was only around 3.7 mm for the CC treatment [10]. As CC eggs would
likely yield smaller parthenogens relative to CP, PC, and PP eggs, the impact on egg
transit time through the oviduct could be less. This could explain the higher percentage of
albumen and ratio of albumen to yolk as well as lower percentage of yolk in CP, PC, and
PP eggs as opposed to CC eggs.
In the current study, parthenogenetic line sires had a higher percentage of
albumen and albumen to yolk ratio for unfertilized eggs without development and
parthenogenetic eggs but a lower percentage of albumen and albumen to yolk ratio for
fertilized eggs as opposed to control line sires. However, the sire difference for these
parameters for the 2 sire lines was less than that seen between the 2 dam lines. In fact, the
parthenogenetic or control line sires had less of an impact on any fresh egg components
measured in the current study as compared to the dams. Similarly, the impact of sire lines
on fresh egg albumen pH reported by Parker et al. [9] was less as opposed to dam lines.
In addition, Santa Rosa et al. [8] reported that the parthenogenetic line males had reduced
fertility due to a reduction in the number of sperm penetrating the perivitelline layer
overlying the germinal disc as compared to the control line males. Moreover, Parker et al.
[9] reported a parthenogenetic line sire but not dam effect for lower fertility due to lower
sperm-egg penetration, probably due to poor semen quality. It appears that
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parthenogenetic line sires may alter egg components less directly, but instead, due to their
poor fertility, allow hens to lay more unfertilized eggs for parthenogenesis.
Parker et al. [12] reported a positive correlation between the rate of
parthenogenesis and early embryonic mortality. This correlation is likely due to greater
egg retention time in the hen’s body and, therefore, a longer exposure to body
temperature, which is higher than normal incubation temperature. In the current study,
alterations in egg components due to the parthenogenetic trait may also lead to decreased
embryo viability in fertilized eggs. For example, higher albumen weight, percentage of
albumen, and ratio of albumen to yolk in parthenogenetic line dams as opposed to control
line dams may increase albumen viscosity, thereby decreasing or blocking gas exchange,
resulting in low albumen pH [9] and reduced embryo viability. Also, higher shell weight
in parthenogenetic line dams as well as parthenogenetic eggs may reduce moisture loss in
the eggs [6] increasing hydration in the shell membrane and blocking gas exchange,
resulting in reduced embryo viability.
Conclusion
In conclusion, the dams from the parthenogenetically selected line of birds
contribute the most to alterations in the egg components as opposed to parthenogenetic
line sires. Because clutches are shorter in quail selected for parthenogenesis, it is
possible that these alterations in the egg components are due to longer retention of the
eggs in the oviduct. Further, it is also possible that these alterations in the egg
components might affect chick production and performance of fertilized eggs. Therefore,
research should be conducted to determine how parthenogenesis affects progeny. Also,
additional research is needed in both control and parthenogenetic line birds to determine
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the specific impact of embryonic development on water, protein, fat, and ionic
composition of each egg component.
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0.38 ±0.002b
6.90± 0.037b
2.00±0.013b

3.55±0.032a
0.40±0.003a
7.01±0.054ab
2.06±0.020a

Albumen weight (g)

Shell weight (g)

Percentage shell

Ratio of albumen to yolk

1

2.02±0.024ab

7.06±0.064a

0.38±0.004b

3.39±0.039b

1.70±0.017

b

5.47±0.049b

Unfertilized Eggs
Without
Development

Egg component means within a row with different superscripts are significantly different.
48 breeding pairs, 768 total eggs.

a-b

3.48±0.022a

1.74±0.014

Yolk weight (g)

1.75±0.010

a

5.62±0.028 a

5.67±0.042a
a

Fertile Eggs

Eggs Exhibiting
Parthenogenesis

0.062

0.051

0.030

0.006

0.040

0.005

P value

Differences in egg components of fresh eggs that were classified as exhibiting parthenogenesis, fertile, or unfertilized
without development (mean ± SEM) 1.

Egg weight (g)

Table 4.1

98

32.1 ± 0.32a
30.1 ± 0.34b
32.0 ± 0.35a
30.5 ± 0.32b
33.5 ± 0.51
31.2 ± 0.42
30.7 ± 0.48
29.6 ± 0.48
<.0001
0.0006
0.188

32.0 ± 0.15a
30.5 ± 0.13b
30.8 ± 0.12b
31.8 ± 0.16a
31.7 ± 0.21
32.2 ± 0.21
30.3 ± 0.15
31.2 ± 0.24
<.0001
0.0006
0.320

Unfertilized Eggs

<.0001
0.007
<.0001

33.7 ± 0.60a
30.5 ± 0.50b
29.8 ± 0.42b
30.4 ± 0.35b

31.1 ± 0.34a
30.4 ± 0.28b

31.9 ± 0.38a
30.1 ± 0.27b

Parthenogenetic Eggs

For each main effect or interaction, percentages within a column with different superscripts are significantly
different.
1
48 breeding pairs, 768 total eggs.

a-b

Dam line
Control
Parthenogenetic
Sire line
Control
Parthenogenetic
Interaction
CC
CP
PC
PP
P values
Dam
Sire
Interaction

Fertilized Eggs

Table 4.2 Dam and sire effects for fresh egg percentage yolk for eggs classified as fertilized, unfertilized without embryonic
development, or containing parthenogenetic development (mean ± SEM)1.
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58.7 ± 0.63b
62.3 ± 0.52a
63.3 ± 0.44a
62.7 ± 0.37a

61.0 ± 0.40b
62.4 ± 0.36a
59.1 ± 0.58c
61.6 ± 0.47b
62.6 ± 0.56ba
63.3 ± 0.55a
<.0001
0.003
0.093

62.3 ± 0.14a
61.3 ± 0.17b
61.1 ± 0.24
60.8 ± 0.23
62.8 ± 0.17
62.0 ± 0.27
<.0001
0.015
0.262

<.0001
0.004
<.0001

61.8 ± 0.36b
62.6 ± 0.30a

60.6 ± 0.37b
63.0 ± 0.39a

60.7 ± 0.40b
63.0 ± 0.28a

Parthenogenetic Eggs

61.0 ± 0.16b
63.0 ± 0.14a

Unfertilized Eggs

For each main effect or interaction, percentages within a column with different superscripts are significantly
different.
1
48 breeding pairs, 768 total eggs.

a-b

Dam line
Control
Parthenogenetic
Sire line
Control
Parthenogenetic
Interaction
CC
CP
PC
PP
P values
Dam
Sire
Interaction

Fertilized Eggs

Table 4.3 Dam and sire effects for fresh egg percentage albumen for eggs classified as fertilized, unfertilized without embryonic
development, or containing parthenogenetic development (mean ± SEM )1.
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Table 4.4
Unfertilized Eggs

Parthenogenetic Eggs

Dam line
Control
1.92±0.015b
1.91 ± 0.033b
1.93 ± 0.038b
a
a
Parthenogenetic
2.07± 0.013
2.13 ± 0.035
2.13 ± 0.026a
Sire line
Control
2.04± 0.013a
1.93 ± 0.036b
2.02 ± 0.034b
Parthenogenetic
1.94±0.016b
2.08 ± 0.032a
2.09 ± 0.028a
Interaction
CC
1.94 ± 0.022
1.78 ± 0.052
1.77 ± 0.059b
CP
1.89 ± 0.021
2 ± 0.043
2.06 ± 0.049a
PC
2.09 ± 0.015
2.07 ± 0.05
2.15 ± 0.041a
PP
2.01 ± 0.025
2.18 ± 0.049
2.11 ± 0.034a
P values
Dam
<.0001
<.0001
<.0001
Sire
0.004
0.0006
0.008
Interaction
0.437
0.265
0.0005
a-b
For each main effect or interaction, percentages within a column with different superscripts are significantly
different.
1
48 breeding pairs, 768 total eggs.

Fertilized Eggs

Dam and sire effects for ratio of albumen to yolk for eggs classified as fertilized, unfertilized without embryonic
development, or containing parthenogenetic development (mean ± SEM )1.

Figure 4.1

Dam (A) and sire (B) main effects for egg, albumen, yolk, and shell
weights when averages over all egg classifications were compared.

Notes: The control line is represented by the white bar and parthenogenetic line is
represented by the black bar. a-b Means for the dam effects for egg, albumen, yolk, and
shell weights were significantly different at P<0.0001, <0.0001, 0.05, and 0.005,
respectively, and SEM=0.08, 0.076, 0.03, and 0.007, respectively. There were no effects
due to the sire line for egg (P=0.94, SEM=0.082), albumen (P=0.67, SEM=0.067), yolk
(P=0.55, SEM=0.028), and shell weights (P=0.60, SEM=0.007).
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Figure 4.2

Dam and sire main effects for albumen (A), and yolk (B) as a percentage of
total egg weight when averages over all egg classifications were compared.

Notes: a-b Means for dam albumen (P =0.005), and yolk (P =0.006) expressed as
percentage of total egg weight were significantly different (SEM=0.472 and 0.436,
respectively). There were no effects due to the sire line (A; P=0.46, SEM=0.48, and B;
P=0.50, SEM=0.44).
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Figure 4.3

Dam and sire main effects for the ratio of albumen to yolk when averages
over all egg classifications were compared.

Notes: a-b Means for the ratio of albumen to yolk were significantly different for the dam
line (P=0.005, SEM=0.045). There were no effects due to the sire line for ratio of
albumen to yolk (P=0.37, SEM=0.046).
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CHAPTER V
PARENTAL SEX EFFECT OF PARTHENOGENESIS ON PROGENY PRODUCTION
AND PERFORMANCE OF CHINESE PAINTED QUAIL
(COTURNIX CHINENSIS)
{Ramachandran R, Nascimento dos Santos M, Parker HM & McDaniel CD.
2018. Parental sex effect of parthenogenesis on progeny production and performance of
Chinese painted quail (Coturnix Chinensis). Theriogenology, 118: 96-102,
https://doi.org/10.1016/j.theriogenology.2018.05.027}
Abstract
Embryonic development of an unfertilized egg, parthenogenesis, is known to
occur in Chinese Painted quail. However, selection for parthenogenesis in both the dam
and sire leads to a reduction in hatchability following mating. Therefore, the objective of
this study was to determine if selection for parthenogenesis in the dam, sire, or both also
impact their progeny performance. There were 2 lines of birds used in this trial: one line
selected for parthenogenesis and one line not selected for parthenogenesis (control)
yielding breeding pairs as follows: control dams + control sires (CC), control dams +
parthenogenetic sires (CP), parthenogenetic dams + control sires (PC), and
parthenogenetic dams + parthenogenetic sires (PP). For all progeny, a dam line main
effect revealed that the parthenogenetic line dams had heavier offspring hatch weight and
4 wk body weights as well as higher first wk chick mortality versus control line dams.
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However, control line dams had the highest 4th wk chick mortality versus
parthenogenetic line dams. In female virgin progeny, a dam by sire interaction revealed
that PP, PC, and CP had the heaviest first egg in the clutch position versus CC. Also,
eggs from PP had the highest number of eggs and the most female progeny exhibiting
parthenogenesis versus CC. There was a linear increase in egg weight as clutch position
increased for progeny from PP and CC, yet there was a linear decline for CP. In
conclusion, it appears that both the dam and sire selected for parthenogenesis impact
progeny performance as parthenogenetic dams and sires additively contribute to the
degree of parthenogenesis exhibited by virgin female progeny. Moreover, because
parthenogenesis is known to exist in the modern poultry industry, even the accidental
selection of the parthenogenetic trait in either males or females could have a negative
impact on overall chick production and performance.
Introduction
In turkeys and chickens [1] as well as smaller birds such as zebra finches [2] and
Chinese Painted quail [3], embryonic development can occur in unfertilized eggs through
a process known as parthenogenesis. Either suppression of extrusion of the second polar
body, or re-entry of the second polar body with the egg nucleus, known as terminal
fusion automixis, is thought to be responsible for parthenogenesis [1,4]. Additionally, in
Beltsville Small White (BSW) turkeys [1], Dark Cornish chickens [5], and Chinese
Painted quail [6] the incidence of parthenogenesis in virgins can be increased by
genetically selecting for the parthenogenetic trait. Moreover, parthenogenesis is thought
to be controlled by a single autosomal recessive gene in chickens and turkeys [1,7].
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Interestingly, when virgin quail selected for parthenogenesis are mated,
hatchability is negatively affected [8,9]. In fact, Parker et al. [10] reported that selection
for parthenogenesis affects both the dam and sire’s individual reproductive performance.
For instance, both the parthenogenetically selected dams and sires were responsible for
the increase in parthenogenetic embryos and a decrease in hatchability of their eggs.
However, only the parthenogenetic line dam was responsible for heavier egg weights
which contained parthenogenetic embryos, whereas the parthenogenetic line sires yielded
reduced sperm-egg penetration and hence increased infertility.
Apart from heavier egg weights, parthenogenetic line dams were also responsible
for most of the alterations in fresh egg components as opposed to parthenogenetic line
sires [11]. For example, parthenogenetic line dams contribute to heavier yolk, albumen,
and shell weights as well as a larger percentage of albumen and ratio of albumen to yolk.
Therefore, these alterations in the egg components from the dam may affect progeny
production and performance. Also, as reproductive performance of the dam was affected
differently than that of the sire when birds were selected for parthenogenesis, it is
possible that performance of the virgin progeny will be affected by the parthenogenetic
dam or sire differently. Therefore, the objective of this study was to determine if the
dam, sire, or both from a line of quail selected for parthenogenesis affects the progeny’s
body weight and mortality as well as virgin progeny’s performance and incidence of
parthenogenesis. Additionally, the genetic nature of parthenogenesis in quail was also
investigated.
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Materials and methods
Housing and care
In this study, two populations of Chinese Painted quail were utilized. One
population consisted of quail that were intensely selected for parthenogenesis over
several generations [6,9]. The other population used was a random stock of quail that
were not selected for parthenogenesis (control). Males and females from both the lines
were separated at 4 wk of age and placed into separate colony cages. At 6 wk of age,
females from the parthenogenetic line were placed into individual cages to monitor egg
production for determination of each female’s incidence of parthenogenesis. From hatch
to wk 4, quail were fed a commercial quail starter diet. When birds were separated at 4
wk of age, birds were fed a commercial quail breeder diet ad libitum and received 17 h of
light/day. Birds were treated in accordance with the Guide for Care and Use of
Laboratory Animals [12].
Selection of parthenogenetic line dams and sires
Daily, eggs from the virgin hens were collected, labeled and incubated for 10 d at
37.5°C and 50% RH. After 10 d of incubation (DOI), eggs were broken open to
determine the incidence of parthenogenesis using a magnifying lamp at 2x magnification
[3]. Eggs exhibiting parthenogenesis usually appeared as dense layers of cells covering
the germinal disc [3]. For further validation, albumen pH was measured, because eggs
with parthenogenetic development have a lower albumen pH as compared to unfertilized
eggs without development [13]. After each virgin hen laid 20 eggs, her incidence of
parthenogenesis was calculated, and if her incidence of parthenogenesis ranged between
20 to 40% she was used for mating. The parthenogenetic males that were selected for
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breeding were chosen based on their sister’s incidence of parthenogenesis as virgins,
which also ranged between 20 to 40%.
Combination of parental breeding pairs
The parental breeding pairs were selected from the parthenogenetic line of birds
as well as the unselected control line birds. The four possible combination of parental
breeding pairs were as follows: control line dams + control line sires (CC), control line
dams + parthenogenetic line sires (CP), parthenogenetic line dams + control line sires
(PC), and parthenogenetic line dams + parthenogenetic line sires (PP). For this trial, 14
parental pairings were created for each combination.
Evaluation of progeny performance
For each parental pair, eggs were collected daily, and labeled prior to incubation
at 37.5°C and 50% RH. Data for all of these eggs examined has been previously reported
[10, 11]. Progeny body weight was determined at hatch (1,806 total chicks) and again at
4 wk of age. Mortality was determined weekly until 4 wk of age when males were
separated from females. After separation from males at 4 wk of age, virgin progeny
females were maintained in colony cages until 6 wk of age. At 6 wk of age, all virgin
progeny females were moved to individual cages to monitor egg production, clutch
position, and clutch length for the first 20 eggs laid by each hen (6,837 total eggs). Daily,
eggs were collected, labeled, and weighed immediately prior to set. Eggs were then
incubated at 37.5°C and 50% RH for 10 d. At 10 DOI, to obtain incubational egg weight
loss, eggs were weighed again. To determine the presence of parthenogenesis, eggs were
broken open at 10 DOI and examined using an illuminated 2x magnifying lamp [3]. If it
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was determined that an egg exhibited parthenogenesis, the germinal disc was measured
across the widest part [3]. Because most parthenogens appeared as unorganized
epithelial sheets of cells covering the germinal disc area of the yolk, embryos were not
staged [14].
Statistics
A 2 x 2 factorial arrangement of treatments was created as follows: two dam lines
(control and parthenogenetic line) and two sire lines (control and parthenogenetic line).
Data were analyzed as a completely randomized design with each individual breeding
pair serving as the experimental unit. When global P< 0.10, means were separated using
Fisher’s protected LSD with α set at 0.05 [15]. Frequencies of different genotypes in the
population were calculated based on Hardy-Weinberg equilibrium [16], and Chi-square
analysis was used to calculate the probability of chance deviations from expectations for
parthenogenesis as an autosomal recessive trait [7].
Results
Parental pairing effect on offspring body weights and mortality is represented in
Table 5.1. There were dam line main effects for hatch (P=0.06) and 4 wk body weights
(P=0.03) with the parthenogenetic line dams having the heaviest chicks at hatch and 4
wks. However, there were no sire line main effects or interactions for hatch or 4 wk body
weight. The first wk chick mortality revealed that the parthenogenetic line dams yielded
the highest percentage of chick mortality as opposed to the control line dams (P=0.01),
yet by wk 4, the control line dams had the highest percentage of chick mortality (P=0.07).

111

However, there were no sire main effects or interactions for chick mortality. Also, for
overall 4 wk mortality, there were no dam or sire main effects as well as no interaction.
For virgin progeny egg production data, there were dam (P=0.01) and sire
(P=0.009) main effects as well as an interaction for egg set weight (P=0.06; Table 5.2).
Virgin progenies from the parthenogenetic line dams and sires, yielded heavier eggs at set
as opposed to offspring of the control line dams and sires. Additionally, virgin progenies
from the CP, PC, and PP parental pairings laid heavier eggs versus the CC progeny.
Virgin progeny from the parthenogenetic line dams lost less egg weight (P=0.01) during
incubation yet had the highest average number of clutches (P=0.01) as opposed to virgin
progenies from the control line dams (Table 5.2). The parthenogenetic line sire offspring
had a higher average number of clutches (P=0.02) but a lower average clutch position and
average clutch length (P=0.06) as opposed to the control line sire offspring (Table 5.2).
However, for the percentage of virgin progenies in lay and hen day egg production, there
were no dam or sire main effects as well as no interactions (Table 5.2).
For the 1st, 2nd, 4th, and 5th eggs in a clutch position (P=0.02, 0.002, 0.02, and
0.09, respectively) virgin progenies from the parthenogenetic line dams yielded the
heaviest eggs when compared to virgin progenies from the control line dams (Table 5.3).
There was also a sire main effect for eggs in the 1st, 2nd, and 4th clutch position (P=0.01,
0.003, and 0.02, respectively) with virgin progenies from the parthenogenetic line sires
also yielding heavier eggs versus virgin progenies from the control line sires. For the 1st
egg in a clutch position there was a dam line by sire line interaction (P=0.04). Virgin
progenies from the parental pairings with at least one parent from the parthenogenetic
line of quail (CP, PC, and PP) yielded the heaviest egg weight when compared to the
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virgin progenies from CC parental pairings. There was also a linear relationship for egg
set weight and clutch position (Figure 5.1). The egg set weight for virgin progenies from
the PP and CC parental pairings exhibited a linear increase with clutch position (r2=0.56;
P=0.03 and r2= 0.54; P=0.02, respectively). However, there was a linear decline for egg
set weight with clutch position in eggs for virgin progenies from the CP parental pairing
(r2=0.52; P=0.02), and no relationship existed for egg set weight and clutch position for
the PC parental pairing progenies (P=0.13).
Parental pairing effect on virgin progeny parthenogenesis is represented in Table
5.4. There was an interaction for the percentage of eggs exhibiting parthenogenesis and
the percentage of hens exhibiting parthenogenesis (Table 5.4). For eggs exhibiting
parthenogenesis, virgin progenies from the PP parental pairing had the highest percentage
of eggs containing parthenogenesis as compared to virgin progenies from the CC, CP,
and PC pairings (P=0.03) but CC, CP, and PC progenies were similar. However, for the
percentage of virgin hens exhibiting parthenogenesis, the PP, PC, and CP parental
pairings had more virgin progenies exhibit parthenogenesis than the CC pairing (P=0.06).
Also, there were dam and sire main effects, with virgin progenies from parthenogenetic
line dams and sires having higher percentages of eggs and hens exhibiting
parthenogenesis as opposed to virgin progenies from control line dams and sires. For
virgin progeny parthenogen size, there were no dam or sire main effects as well as no
interaction.
The evidence that quail parthenogenesis is a recessive trait similar to that of
chickens [7] is represented in Tables 5.5 and 5.6. Based on the Hardy-Weinberg principle
[16] and by using the observed percentage of female offspring exhibiting
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parthenogenesis, the expected frequencies for parthenogenesis as an autosomal recessive
trait (aa) and all possible genotypes in the CC and PP parental pairing populations are
presented in Table 5.5. However because the population size in this study is small, there
is a possibility of deviations from Hardy-Weinberg equilibrium [16]. Nonetheless, Chisquare test for parthenogenesis as a autosomal recessive trait in the CP parental pairing
population, considering all possible breeding pair genotypes, revealed that the observed
percentage of female progenies exhibiting parthenogenesis (66.67%) deviated from the
expected 62.06% due to chance (χ 2=.31, P=0.25; Table 5.6). The same results were
observed for PC parental pairing as well (data not shown).
Discussion
In this study, it appears that both dams and sires selected for the parthenogenetic
trait influence their offspring’s performance. However, only the parthenogenetic line
dams influenced the progeny body weight and mortality. For example, chick hatch and 4
wk body weights were heavier for the parthenogenetic line dams as opposed to the
control line dams. It is possible the heavier chick weight at hatch is due to the
parthenogenetic line dams laying heavier eggs with less incubational weight loss [10]. In
fact, in broilers, Morris et al. [17] reported a strong positive correlation between egg
weight and chick weight from day 1 to 12 wk of age; and excess egg weight loss over
incubation results in chicks of reduced hatch weight [18]. In addition, Ramachandran et
al. [11] observed a higher albumen weight and percentage albumen in eggs laid by
parthenogenetic line dams as opposed to control line dams. Muramatsu et al. [19]
revealed that chicken embryos from eggs containing more albumen have higher wholebody protein synthesis as compared to embryos from eggs with less albumen. Moreover,
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in broilers, albumen removal prior to incubation decreases both embryonic and post-hatch
body weight up to day 7 by altering protein metabolism [20]. Therefore, in the current
study, it appears that higher protein synthesis during embryonic development due to a
greater amount of egg albumen was responsible for heavier chick hatch weights for
parthenogenetic line dams as opposed to control line dams. Furthermore, it is likely that
the heavier chick weight at hatch continued to increase at a greater rate through 4 wk of
age as opposed to control line dams.
Similar to progeny body weight, it appears that the parthenogenetic line dams are
also responsible for their progeny’s 1st wk mortality. A majority of the mortality
occurred in the first 3 d of the chick’s life (data not shown) for the 1st wk of mortality.
Likewise, McNaughton et al. [21] reported a high 1st wk broiler chick mortality for young
hens as opposed to old hens. It is possible that the mortality during the 1st wk of the
chick’s life is due to chromosomal abnormalities [1,22]. For example, in chickens Mong
et al. [22] observed that embryos from young hens with erratic clutches exhibit a higher
incidence of triploidy (ZZZ, ZZW, and ZWW) due to failures in oogenesis such as the
lack of formation of a second polar body following fertilization. However, in normal
fertilized ova the second polar body will be extruded in the infundibulum following the
fusion of sperm and egg pronuclei [23]. As parthenogenetic line dams also exhibit erratic
clutch sequences [6] like young hens [21], it is possible that this elevated 1st wk chick
mortality is due to chromosomal abnormalities. Also, in rainbow trout fish, Aegerter and
Jalabert [24] reported an increase in triploidy in embryos with increase in post-ovulatory
oocyte ageing. Because parthenogenetic line dams lay more first eggs in a clutch
sequence due to shorter clutches [6] and as the ova destined to be the first egg in a clutch
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sequence spends more time within the hens’ body, both pre-ovulatory [25] and postovulatory stages [11,25], there is an increased chance of embryos exhibiting polyploidy
and other genetic anomalies. This increased chance of genetic anomalies could result in
higher 1st wk chick mortality. Moreover, in the current study, the 1st wk mortality in
chicks from the parthenogenetic line dams was approximately 12 percentage points
greater than the control line dams. However, when comparing the 1st wk of mortality to
the 2nd wk of mortality in chicks from parthenogenetic line dams, chick mortality
declined approximately 15 percentage points. This decline in mortality from the 1st to the
2nd wk in chicks from the parthenogenetic line dams could further suggest that the 1st wk
of mortality is due to possible chromosomal abnormalities [1,22] leading to rapid death
after hatching. Further, the chick mortality from the parthenogenetic line dams declined
each week after that to a lowest at wk 4 when compared to the control line dams. It
appears that by wk 4 a majority of the abnormal or weak chicks has been naturally culled
in the parthenogenetic line dams.
Unlike progeny body weight and mortality data, for female virgin progeny there
was no dam or sire effect for age at first lay (data not shown), the percentage of virgins in
lay, hen day egg production for first 20 eggs laid, or size of the parthenogen. However,
both parthenogenetic line dams and sires influenced their virgin progeny’s egg size. For
example, both parthenogenetic line dams and sires were responsible for heavier initial
egg set weights, but only a dam effect was detected for percentage of egg weight loss in
eggs laid by female virgin progenies. Again, parthenogenetic line dams also lay heavier
eggs with less incubational weight loss [10] probably because they lay more first eggs in
a clutch sequence [3], which spend more time within the hen’s body [27], resulting in
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heavier yolk, albumen, and shell weights relative to control line dams [11] . In contrast to
previous findings [28,29], in the current study there was a positive linear relationship for
clutch position and egg set weight for PP and CC parental pairings. In fact, this
relationship in set weight over clutch position appears to be increasing at a similar rate
for PP and CC parental pairings. Also, the PP pairing had heavier eggs for each clutch
position as compared to the CC pairing. However, Robinson et al. [28] and Akil and
Zakaria [29] reported that in broiler breeders the first egg in the clutch weighs more than
subsequent eggs, and this in turn is in agreement with that observed in virgin progenies
from CP parental pairing. Furthermore, it appears that if a parental pairing contained
either a dam or sire from the parthenogenetic line (CP, PC, and PP) that the egg set
weights were higher than the CC pairing. As quail selected for the parthenogenetic trait
lay heavier eggs than the unselected, control quail [10,30], it is possible that although we
didn’t select for egg size directly in the parthenogenetic line parents, we inadvertently did
so by selecting for parthenogenesis. Moreover, previous studies have shown that
selecting dams or sires for egg size would increase egg size in the progeny [31,32].
The parthenogenetic line dams and sires are also responsible for the increase in
their female virgin progeny’s percentage of eggs and hens exhibiting parthenogenesis.
Interestingly, Parker and McDaniel [3] reported that the 1st egg in a clutch sequence was
2 times more likely to exhibit parthenogenesis versus subsequent eggs in a clutch
sequence. In the current study, female virgin progenies from the parthenogenetic line
dams and sires have more clutches as opposed to female virgin progenies from the
control line dams and sires. This increase in the number of clutches most likely resulted
in more 1st eggs in a clutch sequence, therefore increasing the potential for more
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parthenogenetic embryos. For instance, eggs from the PP virgin progeny exhibited the
highest incidence of parthenogenesis. In fact, the incidence of parthenogenesis in eggs
from the PP virgin progeny (34.3%) was approximately 27 percentage points higher than
the eggs from the CC virgin progeny (7.7%). Because the incidence of parthenogenesis
in individual eggs was lower in all parental pairings with at least one control parent (CC,
CP, and PC), it appears that the control line birds suppress the effects of the
parthenogenetic trait in individual eggs. In fact, Olsen [33] observed the same following
mating Dark Cornish hens exhibiting parthenogenesis with non-parthenogenetic White
Leghorn males. In birds, Olsen [1] postulated that parthenogenesis is a result of retention
of the second polar body with the female pronucleus. It appears that the control line dams
and sires are capable of preventing the retention of the second polar body in eggs laid by
their offspring.
However, the parthenogenetic line dam and sire parental pairings not only
influenced the incidence of parthenogenesis in individual eggs but also the incidence of
parthenogenesis in female progeny. For example, there was a 47 percentage point
increase in the percentage of hens exhibiting parthenogenesis when comparing the
parental pairings of PP (83.8%) to CC (36.7%). Unlike individual eggs where the
control line of birds appeared to suppress the incidence of parthenogenesis, it appears that
the control line does not have a similar effect on the percentage of hens expressing the
parthenogenetic trait. For virgin hens exhibiting parthenogenesis, the parental pairings
with at least one parthenogenetic parent (CP, PC, and PP) yielded a similarly high
incidence of parthenogenesis as opposed to the CC parental pairing. In chickens [34],
turkeys [35], and quail [6], parthenogenesis has been reported as a heritable trait as the
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incidence can be increased by mating birds from a parthenogenetically selected line.
Moreover, in Drosophila mercatorum Carson [36] observed that both male and female
parents can transmit the parthenogenetic trait to offspring. In chickens, based on the
results of F2 and back cross methods, parthenogenesis was regarded as an autosomal
recessive trait. In the present study, because both parents can transmit the trait to the
offspring, it appears that parthenogenesis in quail is also an autosomal trait. As in
chickens [7], if parthenogenesis was a recessive trait in quail, only the birds with
homozygous recessive genotype (aa) would express the trait. The parthenogenetic trait
was expressed in 37% (aa) of the CC and 84% (aa) of the PP parental pairings with
female virgin progenies yielding eggs and hens that exhibited parthenogenesis. Hence, it
appears that the population of both CC and PP parental pairings used in the study was a
mixture of homozygotes (AA, aa) and heterozygotes (Aa; Table5.5). As a result CP and
PC breeding pairs, originally derived from CC and PP populations, could possibly
involve a variety of genotypes and based on our testing it is likely that parthenogenesis in
quail as in chickens [7] displays autosomal recessive inheritance. However, additional
data on F2 and back crosses are required to confirm this hypothesis. Moreover, as the
incidence of parthenogenesis in the eggs exhibit a different pattern compared to the
incidence in the virgin hens it appears that the genetic nature of parthenogenesis could be
much more complex than a simple single locus autosomal recessive trait.
Conclusion
In conclusion, both parthenogenetic line dams and sires influence their progenies
performance. The parthenogenetic line dams have the heaviest eggs at set, resulting in
heavier progeny at hatch and at 4 wk of age. However, the parthenogenetic line dams
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also had the highest chick mortality in the 1st wk of the chick’s life, possibly due to
chromosomal abnormalities. Therefore, additional research should be conducted to
determine the cause of decreased viability in offspring from birds selected for
parthenogenesis. Further, both parthenogenetic line dams and sires influence the female
virgin progenies egg size probably due to inadvertent selection for egg size when
selecting for parthenogenesis. Also, the parthenogenetic line parents have the greatest
impact on virgin progeny that exhibit parthenogenesis. Because parthenogenesis is
known to exist in the modern poultry industry [37], even the accidental selection of the
parthenogenetic trait in either males or females could have a negative impact on overall
chick production and performance. As a result, additional research on the accurate
determination of losses in the poultry industry due to parthenogenesis could further
benefit the industry. Moreover, as in other avian species, parthenogenesis in quail is
likely an autosomal recessive trait, but further research using F2 and back cross methods
are needed to confirm this.
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Weights (g)
Hatch

Mortality (%)
First
Second
Week
Week

Dam and sire line effects for progeny body weights and mortality.1
Third
Week

Fourth
Week

Total
4 Week

4 Week
Dam Line
Control
3.9b
34.1b
6.0b
1.6
4.5
9.9a
21.9
a
a
a
b
Parthenogenetic
4.0
35.7
17.5
2.5
3.9
5.8
29.7
SEM 2
0.06
0.50
3.15
0.63
1.55
1.60
4.0
Sire Line
Control
3.9
34.3
11.4
1.8
4.5
7.6
25.2
Parthenogenetic
4.0
35.4
11.4
2.3
4.0
8.4
26.0
SEM
0.06
0.50
3.15
0.63
1.55
1.60
4.04
Interaction
C dam + C sire
3.8
33.54
7.3
1.8
5.8
8.4
23.3
C dam + P sire
3.9
34.9
4.3
1.4
3.0
11.6
20.2
P dam + C sire
4.0
35.4
16.1
1.8
2.9
6.6
27.4
P dam + P sire
4.0
36.2
19.0
3.2
5.0
5.0
32.2
SEM
0.09
0.70
4.45
0.88
2.19
2.26
5.71
P values
Dam Line
0.06
0.03
0.01
0.31
0.86
0.07
0.17
Sire Line
0.70
0.14
0.98
0.56
0.88
0.74
0.88
Interaction
0.97
0.64
0.52
0.29
0.27
0.30
0.50
a-b
For each main effect or interaction, means within a column with different superscripts are significantly different at
P < 0.10.
1
1,806 total number of chicks examined.
2
Pooled standard error of the mean.

Table 5.1
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In Lay
(%)

1

Virgins
Set
(g)

2

Loss
(%)

Egg Weight
3

Number

Hen-day-egg
production
(%)
Position

Average Clutch

Production

Dam and sire line effects on virgin progeny egg production data.

Length

Dam line
Control
70
5.2b
9.8a
11.7
8.2b
1.89
2.13
a
b
a
Parthenogenetic
78
5.5
7.9
13.4
10.1
1.75
1.96
SEM 3
6.0
0.06
0.55
1.44
0.58
0.088
0.108
Sire line
Control
75
5.2b
9.4
12.9
8.3b
1.92a
2.16a
Parthenogenetic
70
5.5a
8.4
11.6
10.0a
1.71b
1.91b
SEM
5.7
0.06
0.55
1.43
0.58
0.089
0.109
Interaction
C dam + C sire
74
5.1b
10.3
12.2
7.6
1.92
2.17
C dam + P sire
65
5.4a
9.2
11.2
9.0
1.85
2.09
a
P dam + C sire
77
5.4
8.4
13.9
9.1
1.91
2.14
P dam + P sire
81
5.5a
7.0
12.5
11.7
1.48
1.63
SEM
8.3
0.08
0.77
1.99
0.82
0.127
0.155
P Values
Dam Line
0.29
0.01
0.01
0.46
0.01
0.14
0.14
Sire Line
0.77
0.009
0.13
0.57
0.02
0.06
0.06
Interaction
0.45
0.06
0.81
0.92
0.45
0.19
0.18
a-b
For each main effect or interaction, means within a column with different superscripts are significantly different at
P < 0.10.
1
Female virgin progenies that laid eggs over an average of 100 days.
2
6,837 total eggs were examined for the first 20 eggs laid by each hen.
3
10 d incubational egg weight loss.
4
Pooled standard error of the mean.

Table 5.2
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Egg Position in Clutch Sequence
Position 1
Position 2
Position 3

Dam and sire line effects on virgin progeny egg set weight for each clutch position.1

Position 4
Position 5
Dam line
Control
5.2b
5.3b
5.4
5.2b
5.3b
a
a
a
Parthenogenetic
5.4
5.5
5.5
5.4
5.5a
SEM 2
0.06
0.05
0.17
0.06
0.10
Sire line
Control
5.2b
5.3b
5.4
5.2b
5.3
a
a
Parthenogenetic
5.4
5.5
5.5
5.54a
5.4
SEM
0.06
0.05
0.17
0.06
0.10
Interaction
C dam + C sire
5.0b
5.1
5.4
5.0
5.1
C dam + P sire
5.4a
5.5
5.5
5.4
5.4
a
P dam + C sire
5.4
5.5
5.4
5.4
5.5
P dam + P sire
5.4a
5.6
5.5
5.6
5.6
SEM
0.08
0.08
0.24
0.08
0.13
P Values
Dam Line
0.02
0.002
0.782
0.02
0.09
Sire Line
0.01
0.003
0.684
0.02
0.31
Interaction
0.04
0.14
1.000
0.36
0.53
a-b
For each main effect or interaction, means within a column with different superscripts are significantly different at
P < 0.10.
1
6,837 total eggs were examined for the first 20 eggs laid by each hen.
2
Pooled standard error of the mean.

Table 5.3
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Eggs Exhibiting
Parthenogenesis
(%)

Hens Exhibiting
Parthenogenesis2
(%)

Dam and sire line effects on virgin progeny parthenogenesis data.1
Parthenogen
Size3
(mm)

Dam line
Control
10.1b
51.6b
5.0
a
a
Parthenogenetic
20.4
79.8
5.0
SEM 4
2.45
5.02
0.12
Sire line
Control
9.9b
51.1b
4.9
a
Parthenogenetic
21.3
75.9a
5.2
SEM
2.45
5.05
0.10
Interaction
C dam + C sire
7.7b
36.7b
4.8
b
C dam + P sire
13.3
71a
5.3
b
a
P dam + C sire
12.5
77.5
5.0
P dam + P sire
34.3a
83.8a
5.0
SEM
3.43
7.01
0.17
P values
Dam Line
0.0007
0.0006
0.91
Sire Line
0.0003
0.008
0.13
Interaction
0.0284
0.06
0.26
a-b
For each main effect or interaction, percentages within a column with different superscripts are significantly
different at P < 0.10.
1
6,837 total eggs were examined for the first 20 eggs laid by each hen.
2
Arithmetic means of percentage of female virgin progenies exhibiting parthenogenesis across the parental pairs.
Hens here represent the female virgin progenies after they started laying.
3
Parthenogen size represent the germinal disc size measured across the widest width in eggs exhibiting parthenogenetic
development. Parthenogens mostly appear as unorganized epithelial sheets of cells covering the germinal disc area [3].
4
Pooled standard error of the mean.

Table 5.4
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aa

Aa

40

112

# offspring
tested

36

48

# positive

90

.

.
.
43
.

Observed2 %

0.90

0.095

0.12
0.45
0.43
0.0025

Expected
population
frequency3

As parthenogenesis in chickens is an autosomal recessive trait [7], it is hypothesized that quail parthenogenesis is
also a recessive trait. CC: Control line dams + Control line sires and PP: Parthenogenetic line dams + Parthenogenetic
line sires.
2
Percentage of female offspring exhibiting parthenogenesis calculated by dividing # positive by # offspring tested.
3
Calculated with the Hardy-Weinberg formula [15].

1

P dam + P sire

C dam + C sire

AA
Aa
aa
AA

Population genotype

The expected and observed frequencies for parthenogenesis for the female offspring from CC and PP parental
pairings, such that parthenogenesis is hypothesized as a recessive trait1.

Parental pairs

Table 5.5
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P sire
AA (0.0025)
Aa (0.095)
aa (0.90)
AA (0.0025)
Aa (0.095)
aa (0.90)
AA (0.0025)
Aa (0.095)
aa (0.90)
1AA
½AA, ½Aa
1Aa
½AA, ½Aa
¼AA, ½Aa, ¼aa
½Aa, ½aa
1Aa
½Aa, ½aa
1aa

0
0
0
0
1.07
20.25
0
2.04
38.70

Expected
% of
positive
offspring4

62.06

Expected
%

66.67

Observed
%5

141

#
offspring
tested

94

#
positive

1.31

Chisquare6

2

NS

Signific-ance7

CP: Control line dams + Parthenogenetic line sires.
Expected population frequencies calculated with Hardy-Weinberg formula [15] from Table 5.5 are represented within
parentheses.
3
Offspring with a homozygous recessive genotype (aa) are only positive for parthenogenesis.
4
The percentage of positive offspring (aa) is calculated based on the expected population frequencies.
5
Percentage of female offspring exhibiting parthenogenesis calculated by dividing # positive by # offspring tested.
6
Degrees of freedom=1.
7
P > 0.05.

1

C dam
AA (0.12)
AA (0.12)
AA (0.12)
Aa (0.45)
Aa (0.45)
Aa (0.45)
aa (0.43)
aa (0.43)
aa (0.43)

Expected
genotypic
frequencies of
offspring3

Evidence that quail parthenogenesis is a recessive trait using Chi-square analysis for female offspring exhibiting
parthenogenesis such that all possible breeding pairs for CP parental pairing are considered.1

Possible genotypes of
breeding pairs of C dam
+ P sire2

Table 5.6

Figure 5.1

Relationship for virgin progeny egg set weight and clutch position.

Notes: There was a linear relationship for the female progenies from C dam + C sire (●),
C dam + P sire (■), and P dam + P sire (♦) parental pairings. For C dam + C sire and P
dam + P sire, egg weights increased as clutch position increased (y=0.039x+5.01,
r2=0.54; P=0.02 and 0.043x+5.43, r2=0.56; P=0.03, respectively). There was a linear
decline in egg set weight as clutch position increased for C dam + P sire (y=0.013x+5.47, r2=0.52; P=0.02). However, there was no relationship with egg set weight
and clutch position for P dam + C sire (▲; P=0.13).
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CHAPTER VI
IN VIVO AND IN VITRO INOCULATIONS OF LIVE VIRUSES ALTER
PARTHENOGENESIS IN CHINESE PAINTED QUAIL
Abstract
Avian parthenogenesis is embryonic development that occurs without
fertilization. Virgin birds exhibiting parthenogenesis have reduced reproductive
performance following mating. Previously in the 1960s, in vivo exposure of chickens and
turkeys to certain live viruses was shown to increase the incidence of parthenogenesis as
well as parthenogen size. However, no modern information is available on the effect of
current virus vaccine strains or their mode of action on parthenogenesis in poultry.
Therefore, 2 experiments were conducted using virgin Chinese painted quail hens. The in
vivo effect of live pigeon pox (PP) virus following vaccination and the in vitro effects of
live PP and Newcastle disease (ND) viruses on parthenogenesis were determined. It
appears that vaccination of virgin hens with live PP virus has the potential to increase
parthenogenesis as well as parthenogen size by the direct action of the virus on the
embryo. Moreover, under in vitro conditions, live ND virus was found to exert similar
effects as live PP virus. As vaccination for pox and ND is a routine practice in the
modern poultry industry, it is possible that vaccination of birds carrying the
parthenogenetic trait could impact their overall fertility and hatchability.
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Introduction
Poultry viruses, such as avian pox and Newcastle disease (ND), are known to
have a negative impact on poultry reproductive performance (Alexander and Senne,
2008; Biswal and Morrill, 1954; Le Loc’h et al., 2017; Tripathy and Reed, 2008). For
instance, avian pox viruses, DNA viruses, infect a wide range of domestic poultry
causing a drop in egg production and impaired reproductive efficiency (Le Loc’h et al.,
2017; Tripathy and Reed, 2008). Likewise, ND virus, an RNA virus, produces severe
lesions in the poultry reproductive tract, thus impairing egg production and altering egg
characteristics (Alexander and Senne, 2008; Biswal and Morrill, 1954).
Apart from poultry viruses, a natural phenomenon that negatively impacts poultry
reproductive performance is parthenogenesis (Parker et al., 2012; Schom et al., 1982).
Parthenogenesis is the spontaneous development of an embryo from an avian egg without
going through the usual process of fertilization (Mittwoch, 1978; Olsen, 1975). The
phenomenon has been observed in a variety of avian species, including chickens
(Sarvella, 1970), turkeys (Olsen and Marsden, 1954), and quail (Parker and McDaniel,
2009). It is a heritable trait (Parker et al., 2010; Schom et al., 1982) and hinders the
normal process of fertilization, thus resulting in reduced fertility and hatchability in birds
exhibiting parthenogenesis (Parker et al., 2017, 2014, 2012; Schom et al., 1982).
Moreover, birds carrying the trait exhibit decreased egg production (Parker et al., 2010;
Schom et al., 1982) as well as altered egg characteristics (Parker et al., 2017;
Ramachandran et al.,2018; Wells et al., 2012). Hence, if overlooked, parthenogenesis
could result in significant economic losses to the poultry industry.
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Studies conducted in the 1960s found that certain live poultry viruses, like fowl
pox (Olsen and Buss, 1967; Olsen and Poole, 1962), ND (Olsen, 1975), Rous sarcoma
(Olsen, 1961) and avian leukosis (Olsen, 1966), following either natural infection or
vaccination, increased the occurrence of parthenogenesis in chickens (Olsen, 1961) and
turkeys (Olsen and Buss, 1967; Olsen and Poole, 1962). In fact, the DNA viruses
increased the incidence of parthenogenesis, as well as embryo size and number (Olsen,
1962a; Olsen and Poole, 1962), whereas the RNA viruses increased only the incidence
(Olsen, 1975, 1966). Further, these effects on parthenogenesis were shown only by the
live viruses and not by their killed counterparts (Olsen, 1962b). However, it is unknown
how these live viruses exert their effect to stimulate parthenogenesis. Within the bird’s
body it is possible that the viruses may either act directly on the embryo or indirectly on
the physiological systems such as the immune system and/or reproductive system to
enhance parthenogenesis (Ramachandran and McDaniel, 2018).
In contrast, in 1975, Sarvella and Gehman (Sarvella and Gehman, 1975) reported
that live fowl pox virus had no stimulating effect on parthenogenetic development
following in ovo injection into chicken eggs. However, thereafter no further studies were
conducted to better understand the role of viruses on parthenogenesis. As a result, no
information is available on the effect of current virus vaccine strains on parthenogenesis
or their mechanism of action. Therefore, 2 experiments were conducted using virgin
Chinese painted quail (Coturnix chinensis) hens. Chinese painted quail belong to the
same family, Phasianidae, as chickens and turkeys; this along with their small size, rapid
sexual maturity, and short incubation length make them an excellent animal model for
avian reproduction studies (Ono et al., 2005; Tsudzuki, 1994). Moreover, currently, these
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quail are extensively used for avian parthenogenesis research (Parker and McDaniel,
2009; Ramachandran and McDaniel, 2018). The objective of Experiment 1 was to
determine the in vivo effect of live pigeon pox (PP) virus on parthenogenesis following
vaccination. The objective of Experiment 2 was to gain a better understanding of the
mechanism of action of DNA and RNA viruses on parthenogenesis. Hence, the in vitro
effects of live PP and ND viruses on parthenogenesis were determined following the
direct administration of the live viruses over the germinal disc area. Of all the different
avian pox viruses, live pigeon pox virus was chosen for the current study because it
shares a common antigenic relationship with fowl pox virus. Moreover, pigeon pox is
highly virulent and is routinely employed as a vaccine in both chickens and turkeys
(Winterfield and Reed, 1985).
Materials and methods
Experiment 1: In vivo PP virus exposure
Housing and egg collection
Two lines of Chinese painted quail hens were used in this study: P-line, birds
genetically selected for parthenogenesis for over 10 generations (Parker et al., 2010), and
C-line, a random group of birds not selected for parthenogenesis. For both lines of quail,
males and females were brooded together until 4 wk of age and were fed a commercial
starter diet. At 4wk of age females were separated from males and were placed on a
commercial layer diet. Hens were fed ad libitum and were exposed to 17h of light. At 5-6
wk of age, a total of 19 hens (10 C-line hens and 9 P-line hens) were vaccinated using a
commercially available live PP virus vaccine at the dose rate of 103 EID50/dose (105
EID50/ml; Hygieia Biological Laboratories, P.O. Box 8300, Woodland, CA 95776, USA)
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via the wing web route and were housed separately from 18 non-vaccinated hens (9 Cline hens and 9 P-line hens). Hence, the 4 treatments utilized in the study were: C-line
non-vaccinated (CNV), C-line vaccinated (CV), P-line non-vaccinated (PNV), and P-line
vaccinated (PV) birds. At 6 wk of age, hens were individually caged for subsequent egg
collection. Daily, eggs were collected from 37 virgin hens, labeled, and were weighed
individually prior to incubation, then incubated for 10 d at 37.5 ºC and 50% relative
humidity. After the incubation period, eggs were weighed again to determine egg weight
loss and were broken open to determine the incidence of parthenogenesis and albumen
pH as well as yolk, albumen, and shell weights (Parker and McDaniel, 2009;
Ramachandran et al.,2018; Santa Rosa et al., 2016a). To determine the incidence of
parthenogenesis, the germinal discs were examined using a 2 x magnifying lamp; and if
detected, parthenogen size was measured across the greatest width of the germinal disc
area (Parker and McDaniel, 2009). For parthenogen size, absolute as well as relative to
egg, yolk, and albumen weights were calculated. As most parthenogens appeared as
unorganized, undifferentiated cells, embryos were not staged using Hamburger and
Hamilton staging of normal embryos (Hamburger and Hamilton, 1951). All the birds
used were treated in accordance with the Guide for Care and Use of Laboratory Animals
(Institute of Laboratory Animal Resources, 1985).
Experiment 2: In vitro virus exposure
Housing and egg collection
Virgin Chinese painted quail hens, intensely selected for parthenogenesis (Parker
et al., 2010), were used. A total of 18 and 20 virgin hens were used for Experiments 2a
and 2b, respectively. All the birds were placed in individual cages, fed a commercial
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layer diet ad libitum, and received 17h light/day. Birds used were treated in accordance
with the Guide for Care and Use of Laboratory Animals (Institute of Laboratory Animal
Resources, 1985). Daily, eggs were collected, labeled, and stored for 0-3 d at 20 ºC. Prior
to in vitro culture, eggs were broken out and albumen pH, germinal disc diameter, and
presence of parthenogenetic development (PD) were determined. Based on the
macroscopic examination of eggs for PD, they were classified as exhibiting no initial PD
or with initial PD (Parker and McDaniel, 2009). Then, albumen surrounding the egg
yolks were removed and the resulting naked egg yolks were subjected to in vitro culture
(Ono, 2001; Ono et al., 2005, 1996).
In vitro culture
The culture technique used was a modification of quail embryo culture originally
described by Ono et al. (Ono, 2001; Ono et al., 2005, 1996; Figure 6.1). Surrogate plastic
containers were thoroughly wiped with 70% ethanol and filled with chicken thin albumen
(pH 8.2-8.6) which served as the culture medium. Chicken thin albumen was used
because it was shown to yield embryo viability of > 90 % for in vitro cultured quail eggs
(Ono et al., 2005). Further, albumen pH 8.2-8.6 is the optimum pH range for early
embryo development (Reijrink et al., 2008). Naked quail egg yolks were transferred to
the surrogate containers, and virus treatments were directly administered over the
germinal disc area to study the direct effect of live viruses on PD. Surrogate containers
were tightly sealed with polyethylene wrap and were secured using paraffin film. The
culture was then incubated, with the sealed end facing up, for 48h under standard egg
incubation conditions. After 48h of incubation, chicken thin albumen pH (Santa Rosa et
al., 2016a) and germinal disc diameter were measured (Parker and McDaniel, 2009) to
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determine the albumen pH change and germinal disc diameter change over incubation.
Also, incidence of parthenogenesis was determined (Figure 6.1).
Experiment 2a: In vitro PP virus exposure
A total of 151 eggs were used. A commercially available live PP vaccine (Hygieia
Biological Laboratories, P.O. Box 8300, Woodland, CA 95776, USA; Dose: 106
EID50/ml) diluted in 1ml normal saline served as the source of live PP virus. To
determine the direct effect of live PP virus on embryo development, 50µl of live virus
vaccine was directly administered over the germinal disc area and was compared against
no virus treatment (control). As per preliminary data, direct administration of 50µl
normal saline was shown to have no significant effect on PD, hence normal saline
treatment was not incorporated in this study. The 4 treatments used in the study were: No
initial PD + Control, No initial PD + PP virus, Initial PD + Control, and Initial PD + PP
virus.
Experiment 2b: In vitro ND virus exposure
A commercially available live ND vaccine (B1 type, LaSota strain; Dose: 106
EID50/ml) was the source of live ND virus. Again, the vaccine was diluted in 1ml normal
saline, and 50µl was directly inoculated over the germinal disc area. The 4 treatments
were: No initial PD + Control, No initial PD + ND virus, Initial PD + Control, and Initial
PD + ND virus. Control represents no virus treatment, and a total of 128 eggs were used
in the study.

137

Statistical analysis
In Experiment 1, a 2 line (C-line and P-line) x 2 vaccination (Non-vaccinated and
Vaccinated) factorial arrangement of treatments was utilized. Data were analyzed as a
completely randomized design with hen serving as the experimental unit. In Experiment
2, a 2 (No Initial PD and Initial PD) x 2 (Control and Virus Treated) factorial
arrangement of treatments was used and data were analyzed as a randomized complete
block design with hen as block. When global P< 0.10, means were separated using
Fisher’s protected LSD with α set at 0.05 (Henley, 1983).
Results
Experiment 1: In vivo PP virus exposure
Line and PP vaccination effects for absolute and relative parthenogen size,
albumen pH, egg weight loss, and incidence of parthenogenesis after 10 d of incubation
are presented in Table 6.1. There were line and vaccination main effects for absolute as
well as relative parthenogen size. P-line and vaccinated birds exhibited a larger absolute
parthenogen size (P = 0.02 and 0.08, respectively) as well as a greater parthenogen size
relative to egg (P = 0.012 and 0.06, respectively), yolk (P = 0.009 and 0.032,
respectively), and albumen (P = 0.023 and 0.08, respectively) weights as opposed to Cline and non-vaccinated birds, respectively. However, there was only a line main effect
for albumen pH and incidence of parthenogenesis. Hens from the P-line had a lower
albumen pH (P=0.009), yet a higher incidence of parthenogenesis (P=0.02) compared to
C-line birds. Likewise, for percentage egg weight loss there was only a vaccination main
effect with PP vaccinated birds having a lower percentage egg weight loss (P = 0.001)
versus non-vaccinated birds. There was no line by PP vaccination interaction for any of
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these parameters presented in Table 6.1. Also, there was no PP vaccination effects for
egg production (data not shown).
Experiment 2a: In vitro PP virus exposure
The effects of initial embryonic development and PP virus treatment on albumen
pH change, germinal disc diameter and incidence of parthenogenesis after 48 h of
incubation are presented in Table 6.2. For albumen pH change over 48 h of incubation,
there were initial embryonic development (P=0.03) and virus treatment (P=0.02) main
effects as well as an interaction (P=0.09). Eggs with initial PD or PP virus treatment, had
a lower albumen pH change as opposed to eggs with no initial PD or controls,
respectively. Further, eggs with initial PD exposed to PP virus had the least change in
albumen pH over incubation as compared to all the other treatments. For germinal disc
diameter at 48h of incubation (P=0.002) as well as diameter change over incubation
(P=0.006), eggs with PP virus treatment showed a greater diameter as well as germinal
disc growth as opposed to control eggs. Moreover, eggs with initial PD after exposure to
PP virus had the greatest germinal disc diameter after incubation (P=0.05; Table 6.2,
Figure 6.2). For germinal disc diameter change over incubation, eggs with initial PD
exposed to PP virus showed some growth in germinal disc size as opposed to eggs with
initial PD not exposed to PP virus (P=0.03). In addition, for incidence of parthenogenesis
at 48h of incubation, eggs with initial PD (P=0.0007) as well as eggs with initial PD
exposed to PP virus (P=0.03) had a greater incidence.
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Experiment 2b: In vitro ND virus exposure
The effects of initial embryonic development and ND virus treatment on albumen
pH, germinal disc diameter and incidence of parthenogenesis after 48h of incubation are
presented in Table 6.3. A ND virus treatment main effect was observed for albumen pH,
pH change over incubation, germinal disc diameter, diameter change over incubation, and
incidence of parthenogenesis. Eggs exposed to ND virus had the lowest albumen pH at
48h of incubation (P=0.02) as well as the least change in pH over incubation (P=0.001) as
opposed to control eggs. Also, eggs exposed to ND virus had the greatest germinal disc
diameter at 48h of incubation (P=0.0002) and the least decrease in size over incubation
(P=0.0007). In fact, for germinal disc diameter and diameter change over incubation there
was an interaction between initial embryonic development and ND virus treatment. For
germinal disc size at 48h of incubation, eggs with initial PD exposed to ND virus had the
greatest size (P=0.05). Further, for germinal disc size change over incubation, eggs with
initial PD exposed to ND virus were the only eggs that showed any growth in embryo
size (P=0.014). For incidence of parthenogenesis at 48 h of incubation, eggs treated with
ND virus (P=0.022) and eggs with initial PD (P=0.05) had a significantly greater
incidence compared to control and no initial PD eggs, respectively.
Discussion
In the current study, it appears that live poultry viruses, PP and ND from current
vaccine strains, have the potential to increase the incidence of parthenogenesis as well as
parthenogen size in quail. For instance, live PP virus vaccination significantly increased
absolute and relative parthenogen size. In fact, this is supported by previous research as a
similar effect was observed in chickens (Olsen, 1956) and turkeys (Olsen, 1956; Olsen
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and Buss, 1967) following live fowl pox virus vaccination. In turkeys, even twin, triplet,
and quadruplet parthenogenetic embryos were observed following vaccination (Olsen,
1962a). Also, the effect of vaccination of parent stock was reported to increase the
occurrence of parthenogenesis in the non-vaccinated progenies (Olsen and Buss, 1967).
Furthermore, in the current study, eggs laid by live PP virus vaccinated birds had a lower
percentage egg weight loss as opposed to non-vaccinated birds. Wells et al. (2012)
reported that percent egg weight loss was negatively correlated with incidence of
parthenogenesis and parthenogen size. Therefore, as eggs laid by vaccinated birds in the
current study had a greater parthenogen size, this likely lead to less moisture loss from
these eggs during incubation as compared to eggs from non-vaccinated birds. In the
present study, the effects of live PP virus following the in vivo treatment could be through
indirect or direct viral actions on the embryo.
Additionally, based on our in vitro study, it appears that one possible mechanism
of action for the in vivo effect of live PP virus on quail parthenogenesis is the direct
action of the virus on the embryo. In the current study, direct administration of live PP
virus onto the germinal disc was found to increase parthenogen size by 8.70 percent
(0.41/4.73) in the eggs initially exhibiting PD. As pox virus has the ability to cause fusion
of cells (Moss, 2012), it might serve as an organizer in the eggs where PD has already
been initiated resulting in more advanced embryos. Moreover, in the absence of live PP
virus, eggs with initial PD were shown to lose embryo size over incubation. This in turn
clearly demonstrates the direct effect of live PP virus on enhancing parthenogen size.
Additionally, live PP virus treatment significantly increased the incidence of
parthenogenesis at 48 h in eggs with initial PD as opposed to all other treatments. In fact,
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for eggs that initially exhibited 100% PD before incubation, virus treatment maintained
embryo detectability after incubation for 48 h at 90% as opposed to 63% for eggs not
exposed to virus. It is possible that virus treatment enhanced parthenogen livability.
Further, an interaction for albumen pH change over incubation also revealed that virus
treated eggs with initial PD exhibited the least increase in pH over time. This low
albumen pH was likely due to CO2 production by viable parthenogens (Santa Rosa et al.,
2016a, 2016b). In fact, Santa Rosa et al. (2016a, 2016b) reported that parthenogenetic
embryos alter albumen characteristics similar to that of a normal fertilized egg embryo.
For instance, parthenogenetic embryos utilize albumen O2 and produce CO2, mostly
present as bicarbonate, thus lowering albumen pH (Dawes, 1975). This indicates that
parthenogens observed in the current study were viable embryos, and further strengthens
the finding that parthenogen livability was enhanced by live PP virus treatment.
Therefore, it is likely that one of the modes of action of live PP virus on parthenogenesis
is by directly acting on the embryo and enhancing parthenogen size as well as livability.
On the other hand, in the 1975 study by Sarvella and Gehman (Sarvella and
Gehman, 1975) live fowl pox virus was reported to have no effect on parthenogenesis
following in ovo injection into chicken eggs. However, unlike the current study, prior to
their in ovo injection, eggs were not classified based on the presence of initial PD.
Probably most of the eggs in ovo injected with the virus were the ones with no initial PD,
and the virus was not able to induce PD in those unfertilized eggs with no initial PD. In
fact, this is in agreement with our current in vitro findings, where eggs with no initial PD
following virus exposure showed no significant change in the incidence of
parthenogenesis or germinal disc size as opposed to eggs not exposed to virus. In general,
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this indicates that live pox viruses, under in vitro conditions, cannot induce PD in eggs
with no initial embryonic development.
Previously, Olsen (1975, 1966) reported that under in vivo conditions the effect of
viruses on avian parthenogenesis varied with DNA and RNA viruses. RNA viruses, ND
and leukosis viruses, were found to have an effect only on the incidence of
parthenogenesis but not on the embryo size (Olsen, 1975, 1966). In contrast, in the
present study, even though the degree of growth was about 50% less (0.14 vs 0.40 mm)
compared to live PP virus treated eggs, live ND virus was found to increase parthenogen
size 3 percent (0.14/4.92) in the eggs with initial PD. Possibly this was due to the ability
of ND virus, like PP virus, to cause cell fusion thus, resulting in more advanced embryos
(Alexander and Senne, 2008). Moreover, live ND virus, similar to live PP virus,
enhanced parthenogen livability as the ND virus treated eggs had a higher incidence of
parthenogenesis and lower albumen pH (Santa Rosa et al., 2016a, 2016b) over incubation
as opposed to eggs not treated with virus. Therefore, based on the current study, it
appears that the RNA virus, live ND virus, can exert its effect directly on the embryo to
enhance parthenogenesis and embryo size similar to the DNA virus, live PP virus.
However, as mentioned before, these in vitro findings cannot be directly extrapolated to
in vivo conditions where multiple physiological systems may interact to alter embryo
formation. In fact, these in vivo vs in vitro differences may explain why the current in
vitro findings of increased parthenogen size due to ND exposure are contradictory to that
of Olsen’s in vivo findings (Olsen, 1975, 1966).
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Conclusion
In conclusion, it appears that vaccination of virgin hens with live PP virus has the
potential to increase parthenogenesis as well as parthenogen size and livability by the
direct action of the virus on the embryo. However, further in vitro and in vivo studies are
required to have a better understanding of other modes of viral action, including
interactions of live PP virus with various physiological systems such as the immune
system which may indirectly enhance parthenogenesis. Under in vitro conditions, live
ND virus was found to exert similar effects as live PP virus by directly acting on the
embryo. Additional research is needed to determine if the in vitro effect of live ND virus
is the same under in vivo conditions. Further, effects of killed viruses used as current
vaccine strains should be studied and compared to their live counterparts. As vaccination
for pox and ND is a routine practice in the modern poultry industry, it is possible that
vaccination of birds that carry the parthenogenetic trait will reduce fertility and
hatchability due to enhanced parthenogenesis (Parker et al., 2014, 2012; Schom et al.,
1982).
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Absolute
(mm)

0.009
0.032
0.70

0.012
0.06
0.78

0.98

0.08

0.023

0.10 ± 0.19
0.41 ± 0.17
0.52 ± 0.18
0.84 ± 0.18

0.62 ± 0.12a

0.31 ± 0.13b

0.27 ± 0.13b
0.68 ± 0.12a

Relative to
albumen
weight
(mm/g)

0.83

0.13

0.009

9.91 ± 0.18
9.60 ± 0.17
9.38 ± 0.18
9.14 ± 0.18

9.38 ±0.13

9.64 ± 0.13

9.74 ± 0.13a
9.26 ± 0.13b

Albumen pH
at 10d

0.13

0.001

0.33

9.30 ± 0.75
5.50 ± 0.71
7.43 ± 0.75
5.91 ± 0.75

5.69 ± 0.52b

8.36 ± 0.53a

7.30 ± 0.52
6.67 ± 0.53

Egg weight
loss at 10d
(%)

0.47

0.14

0.02

3.72 ± 8.33
22.28 ± 7.90
30.05 ± 8.33
36.65 ± 8.33

29.09 ± 5.73

16.89 ± 5.89

13.49 ± 5.73b
33.35 ± 5.89a

Incidence of
parthenogenesis
at 10d (%)

1

For each main effect or interaction, means within a column with different superscripts are significantly different at P < 0.10.
PP: Pigeon Pox. 2 37 virgin hens laid 553 eggs that were incubated for 10d. SEM: Standard error of the mean.
3
C-line: Control line, P-line: Parthenogenetic line, CNV: C-line non-vaccinated, CV: C-line vaccinated, PNV: P-line nonvaccinated, and PV: P-line vaccinated birds.

a-b

0.10 ± 0.26
0.58 ± 0.25
0.72 ± 0.26
1.41 ± 0.26

0.16 ± 0.06b

0.04 ± 0.08
0.22 ± 0.07
0.27 ± 0.08
0.41 ± 0.08

0.41 ± 0.19b

0.14 ± 0.06b
0.34 ± 0.06a

0.97 ± 0.18a

0.36 ± 0.18b
1.06 ± 0.19a

Relative to egg
weight (mm/g)

0.31 ± 0.06a

Relative to
yolk weight
(mm/g)

Parthenogen size at 10d

Line and PP1 vaccination effects for absolute and relative parthenogen size, albumen pH, egg weight loss, and
incidence of parthenogenesis after 10 d of incubation in Experiment 1: In vivo PP1 virus exposure (mean ± SEM)2.

Lines3
C-line
0.67 ± 0.30b
P-line
1.66 ± 0.30a
PP vaccinations
Non0.79 ± 0.30b
vaccinated
Vaccinated
1.49 ± 0.30a
Interaction3
CNV
0.20 ± 0.41
CV
1.09 ± 0.39
PNV
1.38 ± 0.41
PV
1.94 ± 0.41
P values
Lines
0.02
PP0.08
vaccinations
Interaction
0.68

Table 6.1
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4.65 ± 0.09
4.88 ± 0.12
4.58 ± 0.11b
4.90 ± 0.10a

0.30 ± 0.06b
0.52 ± 0.05a
0.34 ± 0.05b

8.82 ± 0.05
8.92 ± 0.04
8.88 ± 0.03

Germinal disc
diameter at
48h (mm)

0.50 ± 0.04a

8.94 ± 0.03

Albumen pH
change
(48h-0h)

-0.17 ± 0.13b
0.18 ± 0.11a

0.04 ± 0.14

0.003 ± 0.10

Germinal disc
diameter
change
(mm, 48h-0h)

45.52 ± 7.55
48.86 ± 6.10

70.73 ± 9.22a

30.04 ± 5.83b

Incidence of
parthenogenesis at
48h (%)

No initial PD + Control
8.94 ± 0.04
0.56 ± 0.06a
4.60 ± 0.14b
-0.05 ± 0.16ab
35.07 ± 9.25b
No initial PD +PP virus
8.94 ± 0.04
0.45 ± 0.05a
4.70 ± 0.11b
0.05 ± 0.13a
26.00 ± 7.40b
Initial PD + Control
8.87 ± 0.07
0.50 ± 0.09a
4.54 ± 0.20b
-0.36 ± 0.22b
63.00 ± 12.75b
Initial PD + PP virus
8.88 ± 0.06
0.14 ± 0.08b
5.18 ± 0.16a
0.40 ± 0.20a
90.30 ± 10.72a
P values
Initial embryonic development
0.12
0.02
0.3
0.8
0.0007
PP virus treatments
0.73
0.03
0.002
0.006
0.15
Interactions
0.34
0.09
0.05
0.03
0.03
a-b
For each main effect or interaction, means within a column with different superscripts are significantly different at P < 0.10.
1
PP: Pigeon Pox. 2 18 virgin hens laid 151 eggs that were cultured in vitro and incubated for 48h. SEM: Standard error of the
mean. 3 PD: Parthenogenetic development, PP virus: Pigeon Pox virus.

Initial PD
PP virus treatments1
Control
PP virus
Interactions3

No initial PD

Albumen pH
at 48h

Initial embryonic development and PP1 virus treatment effects on albumen pH, germinal disc diameter, and
incidence of parthenogenesis observed after 48h of incubation in Experiment 2a: In vitro PP1 virus exposure
(mean ± SEM) 2.

Initial embryonic development3

Table 6.2
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Albumen pH at
48h

Albumen pH
change
(48h-0h)

Germinal disc
diameter at
48h (mm)
Germinal disc
diameter change
(mm, 48h-0h)

Incidence of
parthenogenesis
at 48h (%)

Initial embryonic development and ND1 virus treatment effects on albumen pH, germinal disc diameter, and
incidence of parthenogenesis observed after 48h of incubation in Experiment 2b: In vitro ND1 virus exposure
(mean ± SEM) 2.

Initial embryonic development3
No initial PD
8.65 ± 0.05
0.28 ±0.05
4.37 ± 0.13
-0.39 ± 0.12
11.84 ± 4.75b
Initial PD
8.88 ± 0.05
0.38 ± 0.05
4.47 ± 0.15
-0.38 ± 0.14
22.46 ± 5.51a
ND virus treatments1
Control
8.88 ± 0.05a
0.45 ± 0.05a
4.02 ± 0.15b
-0.65 ± 0.13b
10.27 ± 5.29b
ND virus
8.65 ± 0.05b
0.22 ± 0.05b
4.75 ± 0.14a
-0.16 ± 0.12a
21.62 ± 4.91a
Interactions3
No initial PD + Control
8.76 ± 0.07
0.43 ± 0.07
4.16 ± 0.20b
-0.41 ± 0.17bc
7.70 ± 7.06
b
b
No initial PD +ND virus
8.57 ± 0.06
0.15 ± 0.06
4.54 ± 0.18
-0.37 ± 0.16
15.31 ± 6.41
b
c
Initial PD + Control
8.80 ± 0.07
0.47 ± 0.08
3.83 ± 0.22
-0.94 ± 0.20
13.64 ± 7.97
a
a
Initial PD + ND virus
8.75 ± 0.07
0.31 ± 0.08
5.10 ± 0.21
0.14 ± 0.20
30.56 ± 7.63
P values
Initial embryonic development
0.14
0.22
0.23
0.66
0.05
ND virus treatments
0.02
0.001
0.0002
0.0007
0.022
Interactions
0.67
0.57
0.05
0.014
0.34
a-b
For each main effect or interaction, means within a column with different superscripts are significantly different at P < 0.10.
1
ND: Newcastle disease.
2
20 virgin hens laid 128 eggs that were cultured in vitro and incubated for 48h. SEM: Standard error of the mean.
3
PD: Parthenogenetic development, ND virus: Newcastle disease virus.

Table 6.3

Figure 6.1

In vitro culture and virus treatment of quail eggs.

Notes: (A) Surrogate plastic container. (B) Naked quail egg yolk in the surrogate
container filled with chicken thin albumen as the culture medium. (C) Direct inoculation
of 50µl live virus treatments (either live Pigeon Pox virus or live Newcastle Disease
virus) over the germinal disc area of quail egg. (D) Surrogate container sealed with
polyethylene wrap.
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Figure 6.2

In vitro culture of quail eggs with initial parthenogenetic development and
live Pigeon Pox virus treatment.

Notes: (A-B) Control egg (no virus treatment) with initial parthenogenetic development
(A) following 48h of incubation showing a decrease in germinal disc size (B). (C-D) Egg
with initial parthenogenetic development (C) exposed to live Pigeon Pox virus following
48h of incubation showing an increase in germinal disc size (D).
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CHAPTER VII
CONCLUSION
This research revealed that in Chinese painted quail the duration of fertility
following male removal was 9 d, and the minimum sperm-egg penetration (SEP) required
to insure > 95% fertility was ~75 holes around the germinal disc area. This shows that
sustained sperm storage is very inefficient in this species when compared to other
galliform species. Further, it appears that intensity of SEP and subsequent embryonic
development affects egg component weights and characteristics by potentially altering
transit time of the egg through the oviduct. This information on Chinese painted quail
reproduction allows us to have a better understanding of avian parthenogenesis, because
poor sperm storage plus high SEP requirements could lead to the need for
parthenogenesis. Also, this makes Chinese painted quail an excellent avian model of
choice for parthenogenesis research.
Additionally, studies on the process of parthenogenesis revealed that dams
selected for parthenogenesis contribute the most to alterations in egg components as
opposed to parthenogenetic line sires. Also, it appears that the parthenogenetic trait in the
dam and further embryonic development, including potential parthenogen size, impacts
egg components by possibly altering the egg transit time through the oviduct. Further,
these alterations in the egg components due to the parthenogenetic trait also affect
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progeny performance, such that both parthenogenetic line dams and sires influence their
progenies performance. The parthenogenetic line dams have heavier offspring hatch
weight and 4 wk body weight. However, parthenogenetic line dams also yielded the
highest 1st wk chick mortality, possibly due to chromosomal abnormalities. Further, both
parthenogenetic line dams and sires influence the female virgin progenies incidence of
parthenogenesis. Moreover, as in other avian species, parthenogenesis in quail is likely an
autosomal recessive trait, but further research using F2 and back cross methods are
needed to confirm this. Because parthenogenesis is known to exist in the modern poultry
industry, even the accidental selection of the parthenogenetic trait in either males or
females could have a negative impact on overall chick production and performance.
Finally, vaccination of virgin hens with live pigeon pox virus has the potential to
increase parthenogenesis as well as parthenogen size and livability by the direct action of
the virus on the embryo. Under in vitro conditions, live Newcastle disease virus was
found to exert similar effects as live pigeon pox virus by directly acting on the embryo.
However, additional in vitro and in vivo studies are required to have a better
understanding of other modes of viral action, including interactions of live viruses with
various physiological systems such as the immune system, which may indirectly enhance
parthenogenesis. Because vaccination for pox and Newcastle disease is a routine practice
in the modern poultry industry, it is possible that vaccination of birds that carry the
parthenogenetic trait will reduce fertility and hatchability due to enhanced
parthenogenesis.
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Overall, this research has provided a better understanding of normal fertilization
as well as the process of avian parthenogenesis in Chinese painted quail. It appears that
currently, parthenogenesis may be adversely affecting the poultry industry; and therefore,
additional research will be needed to accurately determine the losses in the poultry
industry due to parthenogenesis.
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